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ABSTRACT 


Тһе U.S. Army SPRINT, SAM-D, and Pershing missile control systems are representative 
of missile control manufacturing technology evolution over the past 15 years. Тһе SPRINT 
missile is the close-in hypersonic ballistic missile defense interceptor currently deploy- 
ed with the SAFEGUARD system. SAM-D is the Army's high performance tactical surface-to- 
air interceptor currently іп а full-up guidance proof-of-principle flight test phase. 

The Pershing іа is the Army's 400 nautical mile range surface-to-surface ballistic missile 
deployed with U.S. and West German forces in Europe. Pershing II, presently in the ad- 
vanced development phase, is the next generation Pershing with a precision terminally 
guided reentry stage. Cost of control systems for these weapon systems is discussed in 
production quantities of hundreds for the SPRINT and Pershing missiles, and several thou- 
sand for SAM-D. 


Performance requirements for each of the missiles are sufficiently stringent to 41с- 
tate control system bandwidths greater than 30 Hz. These bandwidth requirements coupled 
with, in most cases, large control surface inertias, high hinge moments (stable and un- 
stable), high control surface slew rates, and demanding duty cycles, have subsequently 
led to hydraulically powered control systems because of their inherent stifíness and re- 
sponse characteristics, and high duty cycle capabilities. 


Design of each of these missile control systems with associated manufacturing tech- 
nologies and costs are summarized. Cost drivers in each system are identified and some 
engineering design and advanced manufacturing technology projects which potentially should 
result in reduced costs for production quantities of these and similar systems are also 
presented. 


The major cost drivers of the systems discussed are found to be the control output 
elements such as the Pershing 1а jet vanes and а1т vanes, accounting for 43.3 percent of 
control system costs; the SPRINT Stage I Freon injection TVC valves, 30.9 percent of sys- 
tem costs; and the SAM-D air vanes, 25.3 percent of system costs. Product support costs, 
when broken out from hardware costs, account for approximately 25 percent of system pro- 
duction costs. 


Recommended technology developments to reduce cost include efforts in the following 
areas. 


Thermal batteries 

High strength steel and filament wound pressure vessels 

Automatic electrical harness fabrication 

Constant performance gas generators over operating temperature range; cooler 
burning gas generators 


е Lower cost servovalves 

e Plastic actuators and other structural components 

e Moldable heat shields for air vanes and gas cooled air vanes 

e Hot gas thrust vector/jet interaction control devices along with process develop- 
ment in related ablative insulation, heat sinks, and refractory materials 

е Improved seals and O-rings. 


1.0 INTRODUCTION 


The SPRINT, SAM-D, and Pershing missiles utilize similar engineering design manufac- 
turing technology in the design and fabrication of hydraulically powered control systems. 
The design of each system(*) is first described along with its basic design requirements. 
Each system is then cost analyzed by generic subsystem and component, along with the рго- 
duct support associated with production of the system. Cost drivers in each system аге 
identified by the cost analysis, followed by a more detailed analysis of the engineering 
and manufacturing technology employed in the design and fabrication of major cost drivers. 
Engineering design and advanced manufacturing technology programs which potentially should 
result in reduced costs for production quantities of these and similar missile control 
systems are subsequently presented by subsystem and component. 


2.0 SPRINT CONTROLS 


2.1 System Description 


2.1.1 First Stage Controls. The SPRINI missile employs a Freon injection thrust 
vector control (IVC) system on the first stage. A schematic of this system is shown in 
Figure 2-1. An installation diagram of the system is shown in Figure 2-2. 


Hydraulic servoactuators are used to position the pintles of four injection valves 
to control the rate of flow of the Freon injectant fluid into the rocket nozzle. Both the 
Freon system and the hydraulic system are of the blowdown type and are powered by a single 
solid propellant gas generator. Freon storage and supply is accomplished with four cylin- 
drical piston type accumulators, each fitted with two manifold tube sections which connect 
to the injection valves. 
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Figure 2-1. SPRINT First Stage Freon Injection ТУС System 


*The autopilot, sensors, and associated computers are not addressed in this document since 
these components are discussed in papers by other Martin Marietta Corporation authors 
attending the AMC Manufacturing Technology Conference. 


RING, END 


FWD SPLICE RING 


INJECTION AND TRANSFER 
N] VALVE ASSEMBLY 


ACCUMULATOR 
CYLINDER ASSEMBLY 


GAS GENERA TOR 
MANIFOLD 


Figure 2-2. SPRINT Freon Injection TVC System Installation 


Hydraulic fluid is stored in two spring-loaded piston accumulators, each incorpora- 
ting a quick disconnect for filling and an air bleed port. Each accumulator provides 
pressurized fluid for actuation of a pair of injection valves so, in effect, there are two 
identical blowdown hydraulic circuits. The blowdown system approach provides the neces- 
загу acceleration insensitivity with reliability, light weight and relatively low cost. 


Performance of this system is such as to produce ninety percent of maximum Freon flow 
rate within twenty milliseconds after servovalve command. Each injection valve is capable 
of flowing 400 pounds per second of Freon 11482 at a differential pressure of 800 pounds 
per square inch. Frequency response of the pintle from closed to 50 percent of full flow 
area is 30 Hz. Basic SPRINT first stage control system requirements are given in Table 2-1. 


2.1.2 Second Stage Controls. Тһе SPRINT second stage control system is а convention- 
al recirculating hydraulic system with linear servoactuator driven air vanes. А schematic 


and abbreviated installation sketch of the SPRINT second stage air vane control system is 
shown in Figure 2-3. Figure 2-4 shows the system without the gas generator installed. 


TABLE 2-1 


SPRINT First Stage Control System Requirements 


400 1Ь/5 at 800 psid 
0.020s 


> 30 Hz at « 90 degrees 
phase lag 


Freon flow rate per valve: 


Step response to 90 percent maximum flow: 


Closed loop frequency response; 
pintle closed to 50 percent flow area: 
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Figure 2-4, SPRINT Second Stage Air Мапе 
Control System 


А gas motor directly coupled to a multiple piston constant displacement pump and 
driven by а warm gas generator provides power for this system. The servoactuators are 
unique in that they incorporate а dual area displacement. Under high dynamic pressure 
conditions when vane loading is a maximum and vane displacement low, the large area gives 
high torque capability. At lower dynamic pressure conditions, the torque requirement is 
low but required vane activity is increased. A hydraulically actuated shuttle valve in- 
terposed between each cylinder and its servovalve is used to switch the actuator into its 
small area mode of operation. This arrangement permits the most efficient use of hydrau- 
lic flow to all four shuttle valves upon command from the autopilot. 


The motor pump used in this system is a torque balance design. Constant gas pressure 
is maintained for the positive displacement gas motor by a pair of diagonally opposed 
identical relief valves. This relief valve arrangement minimizes acceleration effects. 
With constant input torque to the motor shaft, the unit maintains a constant output pres- 
Sure, adjusting its speed to meet hydraulic system flow demands. Pump overspeed is pre- 
vented by a hydraulic flow limiter. A gas operated accumulator is used to supply lubri- 
cating oil to the gas motor. 


SPRINT second stage air vane control system requirements are given in Table 2-II. 


TABLE 2-II 
SPRINT Second Stage Air Vane Control System Requirements 


Closed loop frequency response: 50 Hz at < 90 degree phase lag 


Step response (3.3 degree command):| 90 percent in 10 ms, large area 
90 percent in 12 ms, small area 


Maximum overshoot: < 56 percent 


Hinge moment: 12,000 15-14 


No load angular rate: 800 deg/s 


2.2 Cost Analysis 


The following cost figures are for the SPRINT I first and second stage control sys- 
tems in production quantities of 100. These costs do not include any electronic control 
equipment except for position feedback transducers, instrumentation, and the wiring har- 
ness. The servovalve drive amplifiers are considered a part of the autopilot. 


Relative costs of the SPRINT control systems are shown in Table 2-111. Of the total 
costs, 46.0 percent is spent on the first stage Freon injection ТУС system and 54.0 per- 
cent is spent on the second stage air vane system. These cost figures are divided into 
hardware costs and product support costs. Hardware costs are those chargeable to factory 
fabrication, assembly and test, quality-in-process inspection, and material and subcon- 
tract purchases. Product support costs are those chargeable to production control, data 
center, and support engineering. Hardware costs represent 73.4 percent of the total; 
product support 26.6 percent. The hardware costs are nearly equally divided between the 
two control systems: 48.4 percent and 51.6 percent on first and second stages, respec- 
tively. ОЁ the product support costs, 39.2 percent is required for the first stage and 
60.8 percent for the second stage. 


TABLE 2-III 


Relative Control System Costs for First and Second 
Stages of SPRINT I Missile 


Cost as Percentage | Cost as Percentage 
of Total Missile of Total Product 
Hardware Costs Support Costs 


Cost as Percentage 
of Total Missile 
Controls Costs 


First Stage НОТҮС System 


Controls Hardware Cost 48.4 
Product Support Cost 


Total Stage І Controls 


Second Stage Air Vane System 


Controls Hardware Cost 51.6 
Product Support Cost 


Total Stage ІІ Controls 


First and Second Stages 


Controls Hardware Cost 
Product Support Cost 


Total Missile Controls 


2.2.1 First Stage Costs. Figure 2-5 graphically portrays the first stage cost break- 
down by percentages(*). This cost breakdown shows the highest cost item in the first stage 
controls to be the Freon injection valve/servovalve assemblies (30.9 percent). The Freon 
accumulator/manifold assemblies account for 23.2 percent of first stage control costs. 


Figure 2-6 shows the Freon injection valve/servovalve assembly with a cutaway drawing 
of the pintle injection valve. The hydraulic actuator is built into the Freon injection 
valve, the middle of three coupled stainless steel pintles being attached directly to the 
piston rod. The two flanking pintles are carried by a cross beam or yoke connected to the 
end of the piston rod opposite the pintles. The valve body is an aluminum alloy casting 


*Component cost percentages in Figure 2-5 and, thereafter, include product support costs 
allocated against individual components. 


with stainless steel flow straighteners which also serve аз pintle seats. A linear varia- 
ble differential transformer (LVDT) is included as a part of the injection valve assembly. 
The most costly item of this assembly is the injection valve actuator without LVDT; its 

cost being approximately 4 percent of the first stage controls. The servovalve 1псогрота- 


tes special design features to reduce weight and provide high performance under severe 
operating conditions. 


It provides a rated flow of 9 gpm at 800 psid with an 80 ma differ- 
ential input current. 


Figure 2-7 shows the Freon accumulator/manifold assembly. This assembly consists of 
a nickel plated maraging steel cylinder containing an insulated aluminum alloy piston, a 
forged maraging steel end closure threaded to the cylinder, and a Freon distribution mani- 
fold section. The components in this assembly have been the subject of several produci- 
bility and cost studies during the SPRINT I production program. However, a closer look at 
the details of this assembly will help to explain its high percentage cost figure. 
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Figure 2-5. SPRINT First Stage ТУС System Cost Breakdown 


Figure 2-6. SPRINT First Stage Freon 
Injection ТҮС Valve/Servovalve 
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Figure 2-7. SPRINT First Stage Freon Accumulator 
Manifold Assembly 


First, the cylinder із а maraging steel weldment ої four sections, machined to close 
tolerances and electroless nickel plated inside and out. The piston is aluminum for weight 
reduction. It is insulated from the hot gas by plastic foam insulation. An aluminum flame 
shield is used to separate the foam insulation from the gas. The Freon outlet on the ас- 
cumulator assembly contains two spherical sockets with threaded nuts to accept a mating 
spherical portion of the Freon manifold tube. This spherical manifold section is ехрїо- 
sively formed in the aluminum tube. The resulting flexible manifold joints are necessary 
to accommodate relative motion between missile structure and rocket nozzle caused by launch 
ejection forces and by pressurization of motor and rocket nozzle. The other end of the 
Freon tube is permitted to slide through seals on the inner cylindrical surface of a ring 
having a spherical outer surface, this ring being a part of the damper elbow assembly which 
bolts to the body of the injection valve. The cylindrical end of the Freon manifold tube 
is closed off with a rupture diaphragm to form a seal and prevent Freon leakage during stor- 
age. The rupture diaphragm is electron-beam welded to the tube. 


2.2.2 Second Stage Costs. Figure 2-8 graphically portrays the second stage control 
system cost breakdown by percentages. This figure shows the cost drivers for the second 
stage are the four servoactuator assemblies (21.9 percent) and the four air vanes (21.8 
percent). 


Gas Generator* 
8.2% POWER SUPPLY 


41.8% 


AIR VANES 
21.8% 


Gas Motor/Hyd Pump 
11.0% 


Hyd Reservoir/Manifold 


Servovaives 7.0% 


SERVOACTUATORS 
21.9% 


9 
о 


ELECT HARNESS 
8.14 


*Includes initiators 


Figure 2-8. SPRINT Second Stage Air Vane Control System Cost Breakdown 


Each servoactuator includes а dual area actuator body and piston assembly, а hydrau- 
11са11у operated shuttle valve for area change, a servovalve, and a position transducer 
(LVDT). The servovalves, usually thought of as one of the most expensive components in a 
control system, each represent less than 2 percent of the system cost. All four servo- 
valves cost less than either the gas generator, the hot gas driven motor pump, or the 
electrical harness. 


The air vanes have been the subject of continual study for means to reduce costs. 
The extreme environment in which they operate constrains the designer to a very limited 
selection of materials.  Integrally cast maraging steel structure and shaft are required 
for strength and stiffness with low weight and inertia. An ablative heat shield is re- 
quired to withstand the extreme temperatures (Figure 2-9). Manufacture of the heat shield 
is an expensive process, utilizing high cost raw materials with high material scrap rates. 
Ablative side panels are manufactured at Martin Marietta by edge winding rubber modified 
Silica phenolic tape over a mandrel. The wound form is subsequently compression-molded 
and oven cured. Panels are then machined from this form and bonded to the air vane 
structure. 


The most expensive single items in the second stage control system are the hot gas 
motor pump (11.0 percent), the hydraulic reservoir/manifold (10.0 percent), the electrical 
harness (8.1 percent) and the gas generator with initiators (8.2 percent). Manufacturing 
technology to reduce costs of the latter two items will be discussed separately in 
Section 5.0. 
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Тһе reservoir/manifold assembly is ап integrated package of several different сопро- 
nents (Figure 2-10). The manifold body is machined from aluminum forgings and mounts 
directly to the hydraulic pump. It contains a filter, relief valve, flow limiter, check 
valve, quick disconnects, a solenoid valve for direction of flow to the actuator area 
change shuttle valves, and a bootstrap type reservoir. The reservoir piston is spring 
biased for positive storage pressure and contains а fluid level indicating switch for те- 
mote launch control monitoring. The multiplicity of functions built into this assembly 
reduces the system installation time, provides grearer reliability through elimination of 
external leakage paths, provides a lighter weight system and reduces overall system costs. 
It is felt this item affords little room for significant cost reduction through improved 
manufacturing techniques. 


The warm gas motor driven hydraulic pump (Figure 2-11) is a nine piston positive 
displacement pump coupled through an angled drive section to a nine piston positive dis- 
placement warm gas motor. The motor input gas, which is nominally at a pressure of 2000 
psig and a temperature of 2000°F, places severe operating conditions on the gas motor 
valve plate, pistons, and rotating cylinder block. At the rated pump output of L5 gpm, 
the gas consumption is 142 cubic inches per second at the input pressure and temperature 
conditions stated. The unit is designed to provide rated output for a limited time period 
while operating on the warm gas. The operating life is improved by injecting lubricating 
oil from а blowdown lube accumulator into the angled housing section. There are several 
areas within this unit where material advances could result in elimination of special 
processes. Material galling at high temperatures requires use of the lube accumulator. 
Low expansion materials with the required strength and lubricity characteristics at high 
temperature could permit deletion of this item from the system. = 
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3.0 SAM-D CONTROLS 


3.1 System Description 


A DC motor pump hydraulic system powers the air vane controls of the SAM-D missile. 
À schematic of the SAM-D control actuation system (CAS) is shown in Figure 3-1. 
aft views of the system are shown in Figure 3-2, 
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Aft View 


SAM-D Control Actuation System 


The CAS consists of а 4 gal/min battery-operated, variable-displacement, pressure- 
compensated motor pump which supplies hydraulic fluid nominally at 3000 psig to four push- 
push servoactuators. A vented piston type accumulator furnishes additional fluid during 
high fin rate demand periods. А variable-volume spring loaded reservoir with а differ- 
ential area piston whose small area is connected to the helium gas source maintains а 
positive pump suction pressure. The gas source is a hermetically-sealed pressure vessel 
with а squib valve filled with sufficient gas to pressurize the accumulator and reservoir 
throughout the range of launch temperatures. After the squib valve is activated just 
prior to launch, excess gas is vented by a relief valve. Control actuation system design 
requirements are listed in Table 3-1. 


TABLE 3-I 
SAM-D Control Actuation System Design Requirements 


Closed loop frequency response: 32.5 Hz at «90 degree phase lag 
Step response: «30 percent overshoot 

Closed loop static stiffness: 210,000 in-1b/deg 

Open loop natural frequency: >70 Hz 

Position accuracy: «0.38 degree 


Deadzone: «0.035 degree 

Backlash: <0.010 degree 

Hinge moment (stall): 4500 in-1b at 30 degree 
No load rate: 2350 degree 

Shaft rotation: #30 degree 

Air vane inertia: 41.20 + 0.05 ib-in-s? 


3.2 Cost Analysis 


Production quantities planned for the SAM-D missile are classified. The cost break- 
down of the SAM-D CAS is shown in Figure 3-3 and is based on a quantity of several thou- 
Sand. Ав can be seen in Figure 3-3, the major contributors to cost are the air vanes 
(25.3 percent), the motor pump (17.3 percent), the battery (14.3 percent), and the servo- 
valves (11.5 percent). These four cost drivers together comprise 68.4 percent of the 
total CAS cost. 


Like the SPRINT air vanes, the SAM-D air vanes must be of a rigid, high strength, 
lightweight structure while maintaining a low overall weight and moment of inertia. Ап 
ablative covering 15 again required to survive the extreme heating caused by the high 
velocity of the missile. Figure 3-4 depicts the construction of the air vane in an ex- 
ploded view of components and a cut away photograph of the finished air vane. The base 
Structure is а 17-4 corrosion resistant steel casting with integral shaft. Minor machine 
clean-up is done along with finish grinding and developing the spline in the shaft area. 
The 17-4 steel panels are plug welded to the base casting over which protective ablative 
paneis of silica phenolic, asbestos phenolic, and rubber modified glass phenolic are bond- 
ed and shaped to the final fin configuration. 


The motor pump package (Figure 3-5) consists of a pressure-compensated variable- 
displacement axial piston pump mounted on and driven by а 56-Vdc electric motor. Тһе 
motor is compound wound, totally enclosed, and explosion-proof with RFI filter. Because 
of high energy requirements with a low volume and weight budget, the motor is of a highly 
efficient design accounting for 50 percent of the cost of this assembly. 


Peak power requirements accompanied by a low weight budget and minimum envelope spec- 
ification require a very high current density (2 amp/sq in.) siiver-zinc type battery with 
an automatically activating feature. The battery (Figure 3-6), mounted in the control 
Section boattail, is peripherally configured in а 210-degree arc length. It consists of 
39 series-connected silver-zinc cells with a potassium hydroxide electrolyte distribution 
System. The battery cost breakdown is as follows: activation system (33.4 percent), cell 
fabrication (37 percent), and the irregular case physical configuration (29 percent). 
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Figure 3-3. SAM-D Control Actuation System Cost Breakdown 
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Figure 3-4. SAM-D Air Vane 
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Figure 3-5. SAM-D Motor Pump Figure 3-6. SAM-D Automatically 
Activated Battery 


Unlike SPRINT missile relative costs, the servovalves of this system represent a 
larger percentage of control system cost. The servovalve ís a conventional two-stage 
mechanical feedback type valve with a flapper/nozzle pilot stage and a symmetrical four- 
way, closed-center spool power stage. The valve has stringent leakage, threshold, line- 
arity, and bandwidth requirements specified because of the high dynamic performance re- 
quirements necessitated by the missile response requirements. 


The structure of the SAM-D CAS which accounts for over 10 percent of system cost is 
worthy of some discussion. It must support the CAS installed around the missile motor 
nozzle and air vane loads through a bolted зріісе to the motor. Starting with an A356 
aluminum casting, the structure is machined to a minimum to accept CAS components. The 
finished machined part ready for heat shield installation is shown in Figure 3-7. 


Figure 3-7.  SAM-D CAS Structure 
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4.0 PERSHING CONTROLS 


4.1 Pershing Іа Controis 


4.1.1 System Description. Three identical self-contained hydraulic control actuation 
systems, or hydrapaks, on both first and second stage Pershing la boosters are used to ac- 
curately position the air vane aerodynamic control surfaces and rocket motor ТУС jet vanes 
(Figure 4-1). The vanes are used to steer, maintain the desired flight path, and stabilize 
the missile. Each of the hydrapaks controls a separate air vane and jet vane simultaneously 
with a common actuator. Significant design requirements for the hydrapak are shown in 
Table 4-1. 


Integrated into the hydrapak is a double acting hydraulic actuator connected by linkage 
to vane shafts, an electrohydraulic servovalve, linear position potentiometer, electric 
motor driven constant displacement pump, a nitrogen charged accumulator, reservoir, check 
valve and relief valve. Figure 4-2 shows a schematic of the control system. А11 components 
are assembled to a plate and mounted to the missile structure. 


4.1.2 Cost Analysis. А cost breakdown for the Pla control actuation system, based оп 
a production quantity of 100, is presented in Figure 4-3. The battery cost shown has been 
pro-rated as a portion of the missile system battery cost. Again, costs are shown for major 
subassemblies arid components, including product support, to identify the cost drivers. The 
major cost drivers are the rocket motor TVC jet vanes (31.2 percent), the motor pump (12.4 
percent), and the air vanes (12.1 percent). 
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Figure 4-1. Pershing la Hydrapak Control Actuation System 


TABLE 4-1 


Pershing la Hydrapak Design Requirements 


Closed loop frequency response: | >30 Hz at «90 degree phase lag 
Hinge moment (maximum): 2750 in-lb 

Slew rate (no load): 288 deg/s 

Shaft rotation: 26.5 degree 
Vane inertia (second stage): | 0.093 1b-in-sec2 
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1 Serve Valve 8 Charging Valve 14 Pressure Port 


2 Bypass Valve 9 Reservoir 15 Accumulator 

3 Jet Vane Shaft 10 Bootstrap System 16 Pressure Gage and Switches 
4 Feedback Pot 11 Reservoir Level Switch 17 Hydraulic Pump 

5 Afr Vane Shaft 12 Burst Olsk 48 Electric Motor 

6 Piston and Linkage 43 Return Port 19 Relief Valve 

7 Overpressure Маус 


20 Filter 


Figure 4-2. Pershing la Control 
Actuation System Schematic 
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POWER SUPPLY 


AIR VANES 28.77 


12.14 


Battery 
6.32 


Motor Pump 
12.42 


Accumulator 


JET VANES 
31.2% 


Reservoir 2.8% 


% 


Actuators 4.1 


SERVOACTUATORS 
10.82 


Figure 4-3. Pershing Іа Control Actuation System Cost Breakdown 
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Тһе jet vane must operate within the rocket motor exhaust. This requires that the vane 
survive exposure to supersonic flow of particle laden gas (10 percent А1203) at temperatures 
greater than 5400°F. Figure 4-4 shows the construction of the jet vane assembly. Тһе re- 
fractory material used in the construction of the jet vane is a tungsten-molybdenum alloy 
centrifugally cast and specially ground. The heat shields are fabricated from sintered 
molybdenum and the shaft from Inconel X machined to final dimensions. The high cost is due 
to basic raw material costs and the difficulty of machining these materials. 


JET VANE 


HEAT SHIELD (2) 


SHIMS (TYP) 


Figure 4-4. Pershing la Jet Vane Assembly 


Although the motor pump is a fixed displacement pump of much lower flow capacity than 
the SAM-D pump, cost drivers are similar to SAM-D, discussed in Section 3.2. 


The Pla air vanes are machined aluminum castings with ап internally tapered hole to 
receive the mating vane shaft. А vane shaft is machined from 17-4 corrosion resistant steel 
to a matching taper for installation into the aluminum control surface structure. After 
assembly, the steel shaft is pinned to the aluminum surface. Іп addition, the second stage 
has a phenolic leading edge bonded to the surface. 


4.2 Pershing II Controls 


4.2.1 System Description. Pershing II, now in advanced development, incorporates а 
terminally guided reentry vehicle in place of the Pla ballistic reentry vehicle, but retains 
the same first and second stage boosters. For the first and second stage controls, the 
modular self-contained hydrapak control actuation systems described previously are the same. 
The control scheme selected for the PIT reentry vehicle utilizes hydraulically powered air 
vane controls and a cold gas reaction control system (RCS). The PII air vane control system 
is very similar to the SAM-D control actuator system with many of the components being 
identical. 
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During a portion of the PII trajectory, the reentry vehicle із exoatmospheric. Тһе RCS 
is used during this phase of the flight to provide attitude and roll control. Thrust is 
produced by expelling gaseous nitrogen through convergent-divergent nozzles and controlling 
the flow with solenoid valves. The primary design requirements for the RCS are shown in 
Table 4-II. 


Figure 4-5 is a schematic of the RCS. Eight thrusters are used for RV maneuvering. Two 
provide pitch control, two provide yaw control, and the other four are used for roll control, 


4.2.2 Cost Analysis. Figure 4-6 is a cost breakdown for the air vane control system 
based on a production quantity of 100. As on SAM-D, cost drivers are the air vanes (24.3 
percent), the motor pump (17.5 percent), the battery (11.1 percent), and the servovalves 
(10.6 percent). Actuators are installed on the airframe structure and are not considered 
part of the control system on Pershing II. Air vane locks deemed necessary, represent an 
additional cost beyond the 5АМ-0 system. 


A cost breakdown for the RCS is shown in Figure 4-7. Cost drivers for the RCS are the 
thruster assemblies. For cost effectiveness, a cluster assembly of four nozzles with sole- 
noid control valves, pressure regulator, electrical harness, and interconnection tubing has 
been selected for pitch/yaw control. Two independent thruster pairs are used for roll con- 
trol. Although the thruster assemblies represent the major cost of the RCS, the RCS itself 
is approximately only 10 percent of the total Pershing II control system costs. 


TABLE 4-11 


Pershing ІІ Reaction Control System Design Requirements 


Thrust: 
Total impulse: 

Rise/decay time: 
Control mode: 


2.0 ұғ pitch and yaw, 1.0 lbg roll 
114 1Һ-зес 

0.0355 

Оп-оїї (bang-bang) 


1 Вр THRUSTER, ROLL (2) 


CHARGE 
VALVE 


2 LB: THRUSTER 
PITCH/ YAW 
(CLUSTER OF 4) 


№ STORAGE TANK 


REGULATOR 
VALVE 


Figure 4-5. PII Reaction Control System Schematic 
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Battery 
11.1% 


POWER SUPPLY 
38.6% 


AIR VANES 
24.3% 


Motor Pump 
17.54 


Servovalves 


Figure 4-6. Pershing IT 
Air Vane Control System 
fccum; Cost Breakdown 
fra - 
Ве 8 
9; 


.0% 


SERVOACTUATORS 
26.0% 


-Og 


ELECT HARNESS 2 


PRESSURE VESSEL 
12.0% 


Figure 4-7. Pershing II Reaction ROLL THRUSTERS нан ү 
Control System Cost Breakdown 35.7 42.23 
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5.0 MANUFACTURING TECHNOLOGY ТО REDUCE PRODUCTION COSTS 


5.1 Power Supply and Distribution 


5.1.1 Thermal Batteries. The past few years have witnessed significant advances in 
the efficiency (energy per pound) of thermal batteries. A thermal battery is nothing more 
than a molten electrolyte wet cell, the heat being added by intervening layers of pyrotech- 
nic papers to melt layers of solid salts (electrolyte) that become active when in a molten 
or liquid state. The solid salts have an unlimited storage capability. Although thermal 
batteries have a very limited operating time when activated, this still makes them a viable 
candidate for “one shot" missile use. From a cost standpoint, the materials are not very 
expensive when compared to silver in the silver/zinc wet cell. The cutting, stacking, 
electrode attachment, and sealing are the major cost contributors. Compared to the silver- 
гіпс battery now used on the SAM-D control system for powering the hydraulic motor pump, a 
thermal battery could be used as a direct replacement with only a 30 percent weight penalty, 
but а cost savings of 50 percent over the life of the missile system. The silver-zinc 
battery will have to be replaced at least every five years, whereas the thermal battery 
which has negligible deterioration with time, will last the life of a missile. The present 
trend is for a 20-year missile life expectancy with periodic refurbishment. Thus, a missile 
would require only one thermal battery for its life versus a minimum of 4 silver-zinc bat- 
teries presently required. 


Because of the inherent cost advantage, more development work should be done to develop 
the manufacturing techniques to produce thermal batteries. Primary emphasis should be 
placed on development of better insulators to contain the battery heat, methods to automate 
cell fabrication, and ways to develop more efficient electrolyte salts, all of which could 
result in thermal batteries which are weight and volume competitive with silver-zinc bat- 
teries. Development of a thermal battery through preliminary qualification testing is 
estimated to cost $200,000 over a 2-year period. 


5.1.2 Stored Gas Pressure Vessels. Тһе present SAM-D pressure vessel is a one-piece 
drawn and formed vessel designed to the requirements of Department of Transportation (DOT) 
reference 49, Code of Federal Regulations (CFR), Part No. 178.44. Specifically, it is 
classed as a DOT-3HT-5300 pressure vessel. Vessels conforming to these requirements may 
be shipped by air, land, от sea without special permits. The vessel designed for missile 
use has a safety factor of 2.5 to conform to the new requirements of MIL-H-25475. Commer- 
cially, it can be used with a safety factor of 2.2. It replaced a welded vessel made from 
a maraging grade of high strength stainless steel. 


Because of the previous vessel's high strength and 1ow ductility, it could not be manu- 
factured to pass all the DOT requirements for shipping. The main cost drivers for the welded 
vessel are in inspection of the base materials for flaw size that may be critical, weld prep- 
aration, actual weld set-up, welding, weld inspection, and heat treatment of the final welded 
vessel. Тһе material cost is higher for the welded vessel, but is not nearly as significant 
a cost factor as the other items. А weight penalty of 20 percent was incurred in changing 
to the DOT vessel. Тһе weight of the welded vessel would have increased had it been re- 
designed to pass all DOT requirements and qualify for a shipping permit (in order to in- 
crease ductility while lowering ultimate strength). 


Because of the high cost associated with flaw detection, either in the basic material 
or in the weld, newer techniques are needed to sort out potentially bad material to start 
with. After the good parts are welded, the present methods of weld inspection need to be 
improved or new methods developed to reject bad welded pieces. А l-year development effort 
in this area funded at $100,000 is recommended. 


Development of composite pressure vessels can produce a decrease in bottle weight at 
significantly potential reductions in cost. Vessels are manufactured by completely over- 
wrapping a high strength aluminum liner with either fiberglass or organic fibers such as 
Kevlar. Some manufacturing research has been initiated on methods of overwrap, linear 
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fabrication, and improved quality control procedures for low cost, lightweight, and safe 
pressure vessels by Martin Marietta Aerospace, Denver Division. While weight savings of 
over 80 percent for comparable steel vessels have been achieved with Kevlar overwrapping, 
cost reductions as great as 50 percent are also forecast for production quantities of 
5000. Development in composite pressure vessels should be continued. A 2-year program 
funded at $175,000 is recommended. 


5.1.3 Gas Generators. Warm gas generators (18009Е - 2500°F) provide an ideal source 
of secondary power for missiles. As previously discussed, they are utilized in both the 
SPRINT first and second stages. They are rugged and compact, supply power instantly on 
demand, and can be easily tailored to fit a specific requirement. The cost of gas genera~ 
tors exemplifies the need to critique missile storage and flight requirements carefully to 
avoid excessive costs. Missile flight time and the temperature range over which launching 
may occur establish the oversizing requirement for the warm gas generator. Because рго- 
pellants burn slower at lower ignition temperatures, the gas generator must have an over- 
size burning area to accommodate the lowest expected launch temperature. With faster burn- 
ing at higher temperatures, the length of web thickness must be oversized to accommodate 
the longest flight time at the highest expected launch temperature. 


One area of manufacturing technology development that could potentially produce both 
lower costs and increased performance fox gas generators is the development of propellants 
which would provide constant performance over а wide ignition temperature range. Іп this 
area, а 3-уеаг development program funded at $300,000 should be considered. 


In some cases, the requirements need to be questioned to determine if the operating 
temperature range specified is really required. For the smaller, high production rate 
missiles, an investigation of the logistics of producing hot climate and cold climate 
missiles could result in showing both lower costs (cheaper propellants for gas generator) 
and improved performance (less excess weight from oversized gas generators). 


In the area of missile secondary power, recent new developments in gas generator 
technology hold promise of reducing overall system costs. Conventional systems are cur- 
rently pressurized by solid propellant warm gas generators which produce corrosive and 
erosive gases at 1800°F to 2500°F necessitating relatively expensive high temperature super 
alloys for the powered component. They also require expensive pressure regulators and 
fittings as well as the use of ablative insulation for ducts and manifolds. 


Two new developments aimed at lowering the temperature of solid propellant gases show 
promise for reducing the cost of pressurization systems. The first of these developments 
involves use of a highly ablative material over which the hot gas must pass, resulting in 
a mixture of cooler gases. This ablative system has successfully demonstrated reduction of 
propellant gas temperatures from the range of 5000°-7000°Е to approximately 2000°F. Тһе 
other development is the use of sodium azide (NaN3) as a solid propellant to generate nit- 
тореп at temperatures below 1500?F. Technology development in these two areas should con- 
tinue for the next 2 years at a funding level of $200,000. per year. А program should also 
be undertaken to determine possible cost reduction design changes to control systems that 
can be made as a result of using the cooler gas; this program should include hardware de- 
velopment and tests. Ап 18-month program funded at $175,000 is recommended for this purpose. 


5.1.4 Electrical Harness Fabrication. During the development of the SPRINT missile 
system, three special machines were designed, developed, and fabricated to automatically 
affix solder sleeve coaxial contacts to ground support cables. Less than a quarter of a 
million dollars invested in these three machines resulted in a subsequent SAFEGUARD ВМО 
program savings of nearly 7.5 million dollars; a cost savings to investment ratio of over 
33 to 1. 


With this background, Martin Marietta initiated a program to automate the process of 
affixing electrical connectors to cables. А manufacturing method and technology study was 
made covering the application of automated manufacturing processes to methods of affixing 
electrical connectors to cables. Six approaches were studied in an attempt to obtain the 
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optimum conceptual process for soldering wire conductors into contacts. The approaches 
studied were: 


1 Heated jaws 

2 Hot gas 

3 Infrared (IR) 

4 Radio frequency (RF) induction 
5 Resistance soldering 

6 Solder sleeve termination. 


The study showed that a significant savings in both time and money can be realized provided 
the harness design follows recommended design procedures that would make it compatible with 
mechanized processing, and production quantities are large enough to justify the capital 
outlay for the mechanized facility. It was shown that, taking ideal conditions, the auto- 
matic fabrication of wire harnesses using crimp contacts without solder can be performed 
in less than 3 percent of the labor time, at less than 3 percent of the labor cost, and in 
less than 20 percent of the time span required for manual fabrication. 


It is recommended that new wire processing and harness assembly methods be pursued in 
order to achieve substantial savings. This would include design and fabrication of the 
necessary basic equipment, checkout of proposed operations, fabrication of prototype har- 
nesses, and testing of the harness elements for successful processing. A simplified proto- 
type facility which does not require a complex system of controls for satisfactory demon- 
stration of the principles of mechanized operation should be developed. Such a technology 
program is estimated to cost approximately $500,000 over a period of 3 years. 


5.2 Actuation 


5.2.1 Low Cost Servovalves. Тһе cost breakdowns presented previously show the cost 
of servovalves varies from 5 to 11.5 percent of total system cost as each missile stage 
employs three or four valves. Thus, the cost savings potential within this component is 
significant. 


At the initiation of a new missile program at Martin Marietta, the potential suppliers 
are contacted for assistance in establishing specification parameters that will provide а 
reasonable balance between cost and performance. Specification of requirements beyond 
those achievable by normal production techniques are identified by the manufacturer's engi- 
neering and production specialists. They suggest alternate approaches and provide assist- 
ance in translating parameter deltas into cost deltas. By this approach we achieve what is 
believed to be the least expensive valve design available today for a given application. 
However, these measures may be inadequate to achieve a truly cost effective design on many 
future programs. 


Today's servovalves are, for the most part, modifications of designs developed for 
missiles and aircraft of a generation ago. They incorporate design features to enable them 
to be driven with small power inputs, are made of erosion resistant materials to give them 
longer life (an aircraft requirement), and nearly always incorporate a very delicate tubu- 
lar flexure sleeve that not only supports the torque motor but provides a means to separate 
the torque motor from the operating fluid. The latter design feature was evolved years ago 
to eliminate problems caused by contamination of the torque motor air gaps by magnetic par- 
ticles. Now that fluid filtration has become a science in itself, contamination is not the 
problem it once was. 
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For high production quantity missiles, basic changes are needed in servovalve designs 
and the way they are manufactured. Some of the possible areas for changes to improve 
reliability while reducing costs are as follows: 


i A return to a wet coil design. 

2 Use of softer materials for spools and sleeves. 

3 Allow valves to grow in size and weight to enable use of higher power inputs and 
incorporation of design-to-cost features. 

4 Use automatic computer controlled test stands with pass-fail acceptance criteria 
to eliminate human interpretation and provide automatic printout of all песез- 
sary data. 

5 Permit valves to be manufactured аз nonrepairable, throwaway items incorporating: 
a One piece (potted) motor assemblies, 

b Pressed balls in drilled passages for hydraulic sealing, 
с Plastic parts, 
а Non-reusable electrical connectors or potted leads . . . possibly plastic 


connectors. 


It is estimated that valves incorporating the above features could reduce .costs іп many 
applications by 30 to 40 percent with savings of 3 to 5 percent in total control system 
cost. 


In two-stage valve designs, additional cost savings would accrue from the elimination 
of feedback between the stages of a two-stage valve design. Development of suitable time 
modulated or pulse width modulated control electronics would permit use of this cost re- 
ducing feature. 


The availability of suitable single stage valves would afford an opportunity for sig- 
nificant cost reductions in missile control systems. By taking advantage of relatively 
recent advances in solid state electronics and rare earth magnetic materials, electrical 
inputs to the control valves may be made sufficiently large to drive the power stage di- 
rectly. Cost savings from use of single-stage valves would be on the same order as for a 
non-feedback, wet coil, two-stage design. A 3-year development program funded at $450,000 
to pursue this servovalve technology is recommended. 


5.2.2 Plastic Actuators. One new manufacturing technology development that holds 
the promise of greatly reduced costs for missile control systems is the use of high tem- 
perature moldable plastics for missile actuators and other control components. Most 
plastics either lose their strength or have high creep ratés when subjected to loads in 
the normal operating temperature range of a missile control actuator (200°F — 300°F). New 
plastics having tensile strengths in the range of 6000 psi at 300°F are now available for 
use in molding items such as hydraulic actuators. One such material under study is a 60 
percent glass filled polyimide thermosetting material that is compression molded. Under 
an Air Force contract, Martin Marietta successfully fabricated experimental hydraulic 
actuators of this plastic. Figure 5-1 shows a sectioned actuator body which has been 
molded to final dimensions and surface finishes. This work has demonstrated that threads, 
O-ring seats, and bearing seats can be used as molded. Cost analyses show that а 33 рег- 
cent reduction in total actuator cost can be achieved for a quantity of 2000 units. Other 
injection moldable plastics are being investigated for this application also. Because of 
the high speed of injection molding (each part can be made in a matter of seconds), such 
materials would show an even greater cost reduction over any metal part for which it could 
be substituted. 
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Figure 5-1. Sectioned 60 Percent 
Glass Filled Polyimide Plastic 
Actuator Body 


А specific developmental program to take full advantage ої this new technology would 
encompass additional material research and process development, design to accommodate mold- 
ed plastic components, and continued testing, through flight test. Such a program is esti- 
mated to cost $200,000 over a 2-year period. 


5.3 Control Output Elements 


5.3.1 Air Vane Fabrication. Air vanes typically account for over 20 percent of the 
cost of a control system on a high performance missile requiring thermal protection. The 
air vanes are designed to accommodate shock loads that occur due to control system ground 
testing and aerodynamic loads and heating that occur during flight. All of these are 
stringent requirements which can produce catastrophic failure and, therefore, result in the 
application of liberal safety factors during the design and manufacturing process. 


There are two areas in which developments in air vane manufacturing technology should 
result іп cost savings. Опе area requiring a minimum expenditure is the revision of control 
system ground testing to prevent this parameter from impacting design and/or cost require~ 
ments. Another is in the fabrication and application of the heat shield for passively 
cooled air vanes. Advances in both materials and compression molding and wrapping processes 
indicate that the heat shield could be molded directly onto the air vane instead of being 
fabricated as separate panels which are then machined and bonded to the air vane structure. 
A $250,000, 18-month program in this area is recommended. 


Increased performance from future missiles will require advances in materials and ad- 
vanced methods of protecting leading edges of the air vanes. А potential solution which 
shows promise is the technique of actively protecting the air vane with warm gas (2000°F) 
produced by a solid propellant gas generator, which is blown from the leading edge. А 
program to carry this development effort through а simulated aerothermal environment ground 
test phase is estimated to cost $700,000 over а 2-year period. 


5.3.2 Hot баз Thrust Vector/Jet Interaction Control. Моге efficient controls are 
needed to replace the liquid injection TVC systems now used on high performance missiles 
Such as SPRINT, Not only should new controls be lighter in weight and use less volume, 
they should also be lower in cost. 


Utilization of rocket motor chamber bleed gases for this application appear most prom- 
ising. Hot gases are injected into the rocket motor nozzle, as with liquid injection sys- 
tems, for ТУС and concurrently into the airstream for a complementary jet interaction con- 
trol (JIC) force. Martin Marietta is currently conducting materials research and develop- 
ment for the Army Materials and Mechanics Research Center on the hot gas TVC/JIC concept 
Shown in Figure 5-2. The concept incorporates a servoactuator driven rotary valve to 
deflect hot gases into the motor nozzle or overboard. Another classified concept, in the 
early research and development phase under contract to the Ballistic Missile Advanced Tech- 
nology Center, utilizes hot gas fluidics for TVC/JIC.  Thís concept appears very attractive 
because of íts simplicity of fewer components and moving parts. 
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Figure 5-2. Rocket Motor Hot Gas Chamber 
Bleed Thrust Vector/Jet 
Interaction Control 


This use of available hot gas for TVC/JIC rather than a stored liquid bas definite 
performance advantages. However, deflection cf 6700?F (or hotter) particle laden rocket 
motor gases requires the use of ablative insulators, heat sinks, and refractory materials 
such as alloys of tungsten. Since fabricatíon of components with these materials is often 
quite costly, the development of low cost manufacturing methods along with concept develop- 
ment is an important consideration. It 18 recommended that technology development in this 
area be continued. This effort should encompass more process development of these пагегі- 
als including machining techniques for the more difficult materials to work with such as 
the tungsten alloys. ТЕ is recommended that $500,000 be expended in this manufacturing 
-technology area over the next 2 years. 


5.4 Seals 


The opportunities for direct cost savings through improved techniques of forming and 
joining of parts in low production high reliability missiles are limited. But very large 
dollar savings result from those actions which reduce the frequency of failures after the 
missile 1з assembled and prepared for flight. Hydraulic and pneumatic system leaks con- 
stitute a large portion of such failures. 


On SPRINT, many costly leaks were traced to microscopic nicks, scratches, occlusions, 
voids, splits, and excessive flashing on O-rings delivered under military specifications. 
This discovery led to a stock sweep of all seals іп inventory. These seals had been de- 
livered under sampling inspection procedures to the requirements of MIL-ST7D-4138 (Visual 
Inspection Guide for Rubber O-Rings). А 100 percent reinspection resulted in a rejection 
of 78 percent of these seals. 


In-house controis to ensure 100 percent inspection of 211 seals to be used on SPRINT 
were then adopted. Although initially costly tc implement, such controls have enabled a 
significant reduction in failures downstream of major assembly build where rejections due 
to leaks have a major impact on cost and schedule. 
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Іп addition to the internal controls imposed at Martin Marietta to reduce O-ring Ёа11- 
ures, external controls were establíshed at the product source, Опе source ої failure was 
traced to degradation-in-use of the O-ring molding dies. То ensure a more consistent pro- 
duct, the dies used for SPRINI were purchased from the supplier. Use of these dies was then 
restricted to production of SPRINT parts only. 


The manufacturing controls adopted by SPRINT to reduce seal failure costs were eval- 
uated for applicability to the other missile programs at Martin Marietta, leading to their 
adoption by SAM-D. These controls will probably be extended in some degree to all new 
programs. This example points out the need for improved government specifications and for 
sources of high reliability mechanical parts. Additional research and development is needed 
to assist the seal manufacturers in the development of improved compound processing methods 
and seal manufacturing techniques. An expenditure of $150,000 over the next 2 years for 
such R&D is recommended. 


6.0 SUMMARY AND CONCLUSIONS 


In each of the missile control systems discussed herein, it is somewhat surprising 
to find that the control output element represents a cost percentage approximately as high 
or higher than any other system element. As shown in Table 6-1, this trend holds true with- 
out exception, although the cost of the SPRINT second stage servoactuators (21.9 percent) 
exceeds by 0.1 percent the cost of the air vanes (21.8 percent). The trend is attributable 
to the fact that all the. systems discussed are on board high performance missiles which 
must operate in a severe aeroheating environment. 


TABLE 6-Т 


Highest Cost Items of the SPRINT, SAM-D and 
Pershing Missile Control Systems 


Missile/Item Percentage of System Cost 


Pershing la Jet Vanes and Air Vanes 


SPRINT First Stage Freon Injection Valve Assembly 
SAM-D Air Vanes 


Pershing II Air Vanes 


SPRINT Second Stage Servoactuators 
SPRINT Second Stage Air Vanes 


The range of the system percentage costs for other components of interest are sum- 
marized below. 


Power Supply 


Gas Generators 8.2 percent to 9.2 percent 

Batteries : 6.3 percent Ёо 14.3 percent 

Motor pumps 12.4 percent to 17.3 percent 
Servoactuator 

Servovalves 5.0 percent to 11.5 percent 

Actuators 2.7 percent to 10.7 percent 
Electrical Harness 2.0 percent to 8.1 percent 
Structure 2.7 percent to 10.5 percent 


Assembly and installation costs range from 2.8 to 7.1 percent. System test accounts for 
1.7 to 4.1 percent of total system cost. Product support costs; i.e., those costs charge- 
able to production control, data center, and support engineering, are allocated against 
individual components in these figures. A breakout of product support costs shows they 
account for approximately 25 percent of total production costs. 
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Recommended engineering design and advanced manufacturing technology programs апёі- 
cipated to reduce the cost of production quantities of these and similar missile control 
systems are listed below by generic subsystem or component. 


Power Supply and Distribution 


е Pursue thermal battery development to achieve devices competitive in weight and 
and volume with silver-zinc batteries. 

е Develop techniques necessary for fabrication of pressure vessels from high 
Strength steel and filament windings which would be cost competitive with com- 
merical pressure vessels. 

є Develop gas generator propellants for constant performance over an increased 
operating temperature range; develop cooler burning gas generators. 

° Pursue techniques for automatic fabrication of electrical harnesses, 

Actuation 

e Reduce the. cost of servovalves by again researching wet coil designs, permitting 
increased size and weight, use of softer materials, use of computer controlled 
test stands and development of single stage valves utilizing recent advances іп 
electronic and magnetic materials. 

е Continue research іп plastics for actuator and other control system component 


fabrication. 


Control Output Element 


Seals 


Develop heat shields which can be directly molded onto air vane structure. 


Develop solid propellant gas cooled air vanes. 


Develop rocket motor hot gas thrust vector/jet interaction control devices; 
conduct R&D in process development for ablative insulators, heat sinks, and 
refractory materials including machining techniques for these materials. 


Develop improved seal and O-ring compound processing methods and manufacturing 
techniques. 
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MISSILE MANUFACTURING TECHNOLOGY PROJECTS FOR 
THE IMPROVED HAWK CONTROL SYSTEM 


J.W. Carter 
Raytheon Company 


Bedford, Massachusetts 01730 


ABSTRACT 


The Improved HAWK Missile Control System is described and relative 
manufacturing costs for the subassemblies and components are identified by 
function, Specific manufacturing technology projects are proposed to reduce 
the material, fabrication, and assembly costs of the hydromechanical assem- 
blies and inertial instrument sensors which are the major cost drivers in 
the Improved HAWK Control Systen. 


INTRODUCTION 


The Improved HAWK, a mobile, all-weather, low to medium altitude air 
defense system, is an advanced version of the Basic HAWK system developed 
in the 1950's and operational since 1960; the Basic HAWK system design has 
been tested and validated by many years of flight test experience and field 
service. The Improved HAWK system, designed and developed in the mid to 
late 1960's and currently in large scale production, retains all the Basic 
HAWK capabilities while applying newer technologies to meet increased 
threats and improve system performance and effectiveness. The most signi- 
ficant advances from Basic HAWK to Improved HAWK are the implementation of 
digital data processing technologies in the Fire Control System and the 
development of an advanced version of the missile design with increased 
performance and reliability. 


The Improved HAWK is a semi-active radar guided missile utilizing a 
proportional navigation guidance system and cruciform wing configuration 
with moveable trailing edge surfaces for steering control. The missile is 
comprised of six major sub-assemblies (See Figure 1): the radome which pro- 
vides an aerodynamic protective cover for the missile antenna; the guidance 
section which contains the slotted array antenna mounted on a two axis 
(pitch/yaw) hydraulically actuated gimbal assembly, the solid state signal 
processing and guidance and control electronics, and the hydraulic accumu- 
lator assembly which supplies high pressure hydraulic fluid to both the 
gimbal and elevon actuator control systems; the warhead section which con- 
tains a blast fragmentation warhead with its safety and arming device, the 
warhead fuze, and the autopilot inertial instrument sensor assemblies; the 
motor section which contains the two stage solid propellant rocket motor 
with its electrical ignition and mechanical safety and arming systems; the 
actuator control section which contains four servovalve controlled hydraulic 
actuators used to position the elevon control surfaces; and the wing and 
elevon assembly comprised of the four low aspect ratio clipped delta wings 
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Figure 1 


30 


which attach along the aft body section and the four elevons which attach 
into the actuator section. More detailed descriptions of specific control 
system components for which advanced manufacturing technology projects are 
proposed in this paper are provided in the next section. 


The Improved HAWK missile is a highly reliable Certified Round requir- 
ing no testing or repairing in the field. High reliability is assured in 
the solid state design through continuous control of the quality of complete 
lots of low failure rate components from production, through assembly and 
test, and throughout their operational life. In addition deployed missiles 
are from controlled, fully documented, homogenous lots which are periodically 
and systematically sample-tested. This combination of design factors along 
with the concept of no field operational tests or repairs prior to launch 
has been shown to sustain long term high reliability. 


The purpose of this paper is to identify advanced manufacturing tech- 
nologies which, when successfully developed and validated, will reduce the 
cost of the Improved HAWK control system. In order to facilitate meaning- 
ful comparisons of cost data and applicable technologies for various missile 
control systems, the Army Materiel Command has defined a standard component 
list for the missile control system. The Improved HAWK missile components 
and subassemblies which will be treated in this paper as a part of the con- 
trol system are identified in Table 1 in accordance with the standard com- 
ponent list. 


MAJOR COST DRIVERS 


In this section more detailed descriptions of the subassemblies and 
components which are the major contributors to control system costs are dis- 
cussed including both design and performance requirements as well as the 
present manufacturing processes which significantly affect missile costs. 

In the next section of this paper specific manufacturing technology projects 
are presented which, if successfully completed, will reduce the cost of the 
major cost drivers in the Improved HAWK control system. 


The relative costs of the Improved HAWK missile control system compo- 
nents are presented in Table 2 as a function of total control system cost. 
The specific components for which costs are included under each standard 
component heading are those described in Table 1, The relative cost of 
each standard component is also subdivided into the six major manufacturing 
areas: material, purchased parts, fabrication, assembly, test and inspec- 
tion, and support. Examination of the data in Table 2 shows that the most 
significant cost drivers in the Improved HAWK control system are the iner- 
tial instrument assemblies and the hydraulic elevon and gimbal actuator 
Systems which together represent sixty-six percent of the total control sys- 
tem cost, The next most important cost drivers are the hydraulic power 
Supply and control system electronics each of which represents approximately 
fourteen percent of the total control system cost. 


The Improved HAWK Autopilot is a three loop flight control system which 
processes acceleration commands from the guidance system with feedback data 
from the inertial instrument sensors (accelerometers and gyros) and outputs 
elevon position commands to the actuator control system to provide aero- 
dynamic control for missile steering and stabilization. The inertial in- 
strument packages are comprised of two lateral accelerometers (pitch and 
yaw) used for feedback in the acceleration loop (plus one longitudinal 
accelerometer used for other missile functions such as speedgate program- 
ming and guidance compensation) and three rate gyros (pitch, yaw, and roli) 
used in the autopilot for body stabilization and damping. Two similar rate 
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STANDARD СОМРОМЕМТ LIST 


Instruments 


Actuators 


Control Surfaces 


Gimbals 


Power Supplies 


Data Processors 


Interconnect Circuitry 


TABLE 1 


CONTROL SYSTEM COMPONENTS 


APPLICABLE IMPROVED HAWK GOMPONENTS AND 
SUBASSEMBLIES 


Autopilot inertial instrument sensor assemblies 
including the pitch, yaw, and roll gyros 
and the pitch and yaw accelerometers, 


Gimbal assembly pitch and yaw gyros 


Elevon actuator section including the four actu- 
ator mechanisms, four servovalves, four 
potentiometer assemblies, support struc- 
ture, and hydraulic tubing and manifolding. 


Elevons (four) 


Antenna gimbal assembly including the structural 
mounting ring, pitch and yaw actuator 
mechanisms and associated mechanical link- 
ages, two servovalves, two potentiometer, 
and hydraulic manifolding. 


Hydraulic accumulator assembly including the 
hydraulic and pneumatic chambers, bladder, 
charging fixture, actuating system, trans- 
ducer, relief valve, and hydraulic tubing 
to the gimbal and actuator control sec- 
tions. Since the control system utilizes 
on.y a small portion of the battery energy, 
the battery is not included as a part of 
the Power Suppiy for the purposes of this 
paper. 


Autopilet electronics including inertial instru- 
ment demodulators, filtering and compen- 
sation circuits, and elevon valve drive 
amplifiers. 


Gimbal stabilization loop electronics including 
gyro demodulators, filtering and compen- 
sation circuits, and gimbal valve drive 
amplifiers. 


Autopilot interconnecting cables including two 
tunnel cables from the guídance section to 
the actuator section and to the inertial 
sensor assemblies. 


Gimbal stabilization loop interconnecting cables 
from the guidance section to the gimbal 
gyros, potentiometers, and servovalves. 
Since only a portion of the missile halo 
cable (the complex cable harness intercon- 
necting all guidance and control electronic 
packages) is used for control system func- 
tions, it is not included as a part of the 
Interconnect Circuitry costs for the pur- 
pose of determing control system cost 
drivers. 
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gyros are also used іп the gimbal assenbly control system to provide inertial 
Stabilization of the missile antenna. Тһе rate gyros are small, torsion bar 
restrained, hermetically sealed, fluid damped units designed to meet the 
exacting requirements for missile applications. The major cost drivers in 
inertial instrument manufacturing are the fabrication and assembly costs for 
these precision components. In order to meet system performance requirements, 
the design of these instruments requires tight tolerances for many internal 
parts, fabrication of which requires precision machining, deburring, and 
plating. Assembly costs are driven by the amount of touch labor involved in 
precision assembly operations and the requirements for extreme cleanliness 
and careful handling of parts. Verification that the instrument assembly 
will meet its final performance criteria requires considerable in-line іп- 
spection and test. 


The Improved HAWK elevon actuator control system is a four axis position 
control system used to rotate the four elevon control surfaces in response 
to autopilot steering and stabilization commands. The elevon actuators are 
three-way servovalve-controlled push-push hydraulic actuators with position 
feedback via rotary potentiometers. The four elevon servos are designed to 
meet both the high torque requirements necessary for high missile maneuver- 
ability іп a high dynamic pressure environment and the high bandwidth re- 
quirements of the roli autopilot which provides roll attitude stabilization. 
The actuator control system must meet these operational requirements over а 
broad environment which includes ambient temperature variations as well as 
local heating from the rocket motor nozzle which is concentric inside the 
actuator ring. Fabrication costs associated with precision machining are 
the major cost drivers in the actuator control system. The relative cost 
breakdown for the actuator system given in Table 2 is somewhat distorted by 
the fact that the actuator section subassembly (comprised of the support 
ring, four cylinder assemblies, and hydraulic tubing and manifolding) is a 
subcontracted item and thus is shown in the cost breakdown as a purchased 
part. However, since the actuator section is basically a mechanical assem- 
bly, extrapolation from other similar designs shows that the major cost 
drivers are the material, fabrication, and assembly costs. The actuator 
support ring is a casting which requires machining of certain critical sur- 
faces; the cylinder assemblies are aluminum forgings which require extensive 
machining of the cylinder bores, fluid ports, and mounting surfaces. Other 
parts such as the pistons and rocker arns are also machined forgings while 
the remaining parts are generally either purchased hardware or machined from 
raw stock. Fabrication costs are driven by exacting tolerances for many of 
the mating assemblies and requirements for cleanliness of the hydraulic sys- 
tem; assembly costs are driven by the amount of touch labor required 
for assembly of precision mechanisms. 


The missile control surfaces (elevens) represent a relatively minor 
portion of the control system cost and ere not being studied in this paper. 


The Improved HAWK antenna gimbal assembly is а two axis hydraulically 
controlled system which utilizes dc amplifier-driven four-way servovalves 
to actuate the actuator mechanisms. The control system is a switchable two 
mode design which utilizes rotary potentiometers for position feedback in 
the prelaunch mode and rate gyros for inertial rate feedback in the post- 
launch mode. The antenna is directly mounted to a bracket which is control- 
led by a parallel pair of yaw actuators which are connected to a common 
shaft; the actuator mechanisms are functionally similar со the elevon actu- 
ator design except that the gimbal actuators are four-way rather than three- 
way configurations. The yaw actuator assembly including the antenna mount- 
ing bracket and shaft is mounted between the two pitch gimbal arms which are 
a part of a four bar linkage assembly. The pitch gimbal linkage asseubly 
is also positioned by a servovalve-controlled four-way hydraulic actuator. 
The design constraints for the gimbal assembly require that the linkage have 
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relatively high stiffness characteristics such that it will have no structural 
modes at frequencies which could be sensed by the gyros and fed back through 
the control system causing an instability. This stiffness requirement dic- 
tates tight tolerances for tbe iiukage assembly and dimensional stability over 
the operating environment. From tbe data in Table 2, the primary cost drivers 
for the gimbal assembly are the material and fabrication costs associated 

with machining these tight tolerance parts. In addition to machining to 
obtain proper dimensions, many gimbal assembly elements require machining to 
remove unnecessary material from castings and forgings in order to minimize 
weight. 


The hydraulic actuators in the Improved HAWK gimbal and elevon control 
systems both receive pressurized hydraulic fluid from a single onboard 
accumulator. This hydraulic power supply is an open loop system: high 
pressure fluid from the accumulator is ported to the supply ports of the 
actuator servovalves; the return ports are connected to exhaust Lines which 
dump the expended low pressure fluid overboard. The hydraulic fluid is 
stored in the accumulator at zero pressure; the energy used to pressurize 
the fluid during flight is stored at high pressure in a spherical vessel 
charged with nitrogen gas. Upon actuation of the accumulator firing circuit 
at launch, the high pressure nitrogen is released through a regulator at a 
lower pressure to pressurize the hydraulic fluid through a polyurethane 
bladder. The major cost drivers in the accumulator assembly are (1) the 
material and fabrication costs for the high pressure gas and fiuid vessels 
which represent thirty-five percent of the total accumulator assembly cost, 
and (2) the cost of the purchased parts (pressure reguiator, relief valve, 
actuating mechanism, pressure transducer, bladder, etc.) which comprise 
twenty-five percent of the total assembly cost. The fabrication costs 
are driven by the exacting requirements for the forging, machining, and weld- 
ing processes and the inspection techniques necessary to assure that the 
pressure vessel will safely hold high pressure gas for the storage life 
required of the missile, 


The autopilot and stabilization loop electronics represent approximately 
fourteen percent of the Improved HAWK control system costs. Of this amount 
forty-three percent is comprised of purchased parts: assembly and test/in- 
spection each represent approximacely fifteen percent of the electronics 
cost. білсе the major cost driver for the electronics is purchased parts 
and the control system comprises a relatively small proportion of the total 
cost of tne missile guidance and control electronics, no manufacturing tech- 
nology projects for the electronics are being proposed in this paper. 

The data shown in Table 2 indicate that the interconnecting circuitry 
represents only approximately three percent of the total control system costs; 
this figure is deceptively small, however, due to the inability to separate 
out the proportionate costs for the control system functions from the halo 
сађје haraess which contains both guidance and controi functions. The costs 
shown in Table 2 represent the four cable assemblies which contain autopilot 
and gimbal assembly control functions as identified in Table 1, The most 
complex and expensive missile cable harness, the halo cable interconnecting 
the six electronic trays to each other and to the antenna gimbal assembly, 
contains control as well as guidance and radar signal processing functions. 
To include the total cost of this cable harness in the control system break- 
down would distort the relative importance of this function (interconnecting 
circuitry would exceed sixteen percent of the control system cost); omitting 
this cable distorts the relative costs in the opposite direction.  Conse- 
quently cabling will be treated as a significant cost driver for the purposes 
of this paper and a manufacturing technology project proposed in the next 
section to reduce cable costs. The cost benefits of that project should be 
weighed on the basis of total missile cable costs rather than just those in 
the control system. 


MISSILE MANUFACTURING TECHNOLOGY PROJECTS 


In the previous section the subassemblies which are the major cost 
drivers in the Improved HAWK Control System were identified as well as the 
manufacturing processes which are the main contributors to the costs of these 
subassemblies. Іп this section five manufacturing technology projects are 
proposed to develop and apply new materials, processes, and automated equip- 
ment to reduce the manufacturing costs of these critical expense items. Two 
projects are proposed to reduce the fabrication and assembly costs of iner- 
tial instruments; two projects are directed toward developing new materials 
and fabrication techniques for manufacturing high pressure hydraulic actuator 
systems and onboard hydraulic power supplies; and the final project is pro- 
posed to apply new flexible cable and connector manufacturing technologies 
to missile cable harnesses. 


A summary of the estimated project costs and component cost savings 
which will be realized if these projects are successfully completed are 
shown in Table 3. For each project the estimated costs include the following: 
design and development of new manufacturing processes and equipment, procure- 
ment of prototype production equipment and tooling, fabrication and assembly 
of pilot production hardware, and evaluation of this hardware, The evalua- 
tion tests will include extensive "pre-qualification" tests to prove the 
feasibility of the new manufacturing technology and afford sufficient confi- 
dence that the manufacturing processes and resulting hardware are acceptable 
for missile application; however, the cost for formal qualification testing 
including flight test validation is not included in the project cost. 


TABLE 3 


SUMMARY OF MISSILE MANUFACTURING TECHNOLOGY PROJECTS 
PROPOSED FOR THE IMPROVED HAWK CONTROL SYSTEM 


ESTIMATED ?ROJECT ESTIMATED COMPONENT 
PROJECT COST COST SAVINGS 
Automated Techniques for $ 1,200,000 15; of total instrument 
Obtaining Reliable Low cost 
Cost Hermetic Seals for 
Inertial Instruments 
Automated Techniques for $ 865,000 2.5% of total 
Deburring Precision instrument cost 
Inertíal Instrument 
Parts 
Utilization of Molded $ 1,090,000 157 of total actuator 
Composite Materials in or gimbal assembly cost 
Actuator and Gimbal 
Control Systems 
Utilization of Filament $ 345,000 157 of total accumulator 
Wound Reinforced Plastics assembly cost 
in High Pressure Hydraulic 
Power Supplies 
Automated Flexible $ 520,00С 352 of total cable 
Printed Cables manufacturing costs 


with Integral Molded 
Connectors 
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Calculation of the net payback from each of these projects as applied 
to the Improved HAWK Control System would require multiplying the component 
cost savings per missile times the number of missiles scheduled to be pro- 
duced subsequent to full qualification of the new technology for the Impro- 
ved HAWK missile, and subtracting out the cost of the manufacturing tech- 
nology project, the cost of full scale production tooling, and the cost of 
formal qualification testing, flight testing, and all associated documenta- 


tion costs. However, since the proposed projects will also have cost saving 
benefits to many other missile systems, it is appropriate to amortize the 
project cost over all programs to which the technology can be applied. Thus, 


in order to facilitate the computation of the net potential payback from 
each project when calculated over the range of missile systems to which each 
project is applicable, the component cost savings are given as a percentage 
reduction in present Improved HAWK component costs. 


Automated Techniques for Obtaining Reliable Low Cost 
Hermetic Seals for Inertial Instruments 


The manufacture of precision inertial instrument assemblies was shown 
in Table 2 to be a major cost driver іп the Improved HAWK Control System. 
Reliable performance of these instruments requires critical close toleranc- 
ing of mating parts, extreme cleanliness, and freedom from contaminating 
fluxes and foreign materials. Assembly of these instruments involves numer- 
ous bonding operations to obtain both mechanical and structural joints as 
well as hermetic seals. One of the major factors in the manufacture of these 
precision instruments is obtaining reliable hermetic seals which will with- 
stand the environmental conditions (shock, vibration, acceleration, tempera- 
ture cycling, long term storage, etc.) associated with missile applications. 


Due to the wide diversity of shapes and types of parts being bonded, 
few operations have been automated. Present instrument assembly techniques 
utilize conventional mechanical bonds (solder, braize, weld) to achieve 
hermetic seals; the inherent problems associated with the present methods 
contribute to excessive scrap and rework with resulting higher costs. The 
use of these techniques requires that heat be applied to the parts which 
can cause distortion of precision mating assemblies. The sealing technique 
most extensively used in the manufacture of Improved HAWK inertial instru- 
ments is soldering which requires tight tolerances for mating parts so 
that proper solder flow and wetting are achieved, and extreme cleanliness 
and temoerature and humidity control during the soldering operation,  Solder- 
ing requires plating when the base metal is not compatible with solder thus 
affording opportunities for other manufacturing problems associated with the 
plating process (blistering, insufficient plating thickness, loose particles 
due to poor adhesion, etc.). Expensive controls over the soldering process 
are also required to prevent problems such as solder voids and flux migra- 
tion. Use of other bonding agents such аз epoxies is not widespread due to 
embrittlement, aging, porosity, and quality control problems. 


In order to eliminate the sealing problems associated with conventional 
soldering and welding techniques, a manufacturing technology project should 
be undertaken to apply new materials and processes in order to obtain relia- 
ble, low cost, hermetic seals in precision instrument assemblies. This pro- 
ject would survey various industries and investigate methods and techniques 
presently being used for hermetic sealing in production. Existing techni- 
ques would be modified and extended to meet the high reliability require- 
ments of missile applications; the new sealing materials would be adaptable 
to low cost, high production, automated manufacturing processes. 
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Тһе project would ђе а two phase effort involving ап extensive review 
of the existing instrument joint designs and sealing technologies and the 
development and demonstration of new materials and processes as applied to 
the Improved HAWK inertial instrument assemblies. The first phase of the 
project would involve a detailed review of the present inertial instrument 
hermetic seal designs and assess the applicability of alternative sealing 
techniques, An industry survey would be conducted to research available 
epoxies and/or develop a new epoxy material which will withstand the shock, 
vibration, humidity, temperature, fungus, salt spray, and long term storage 
conditions of missile environments. Available epoxy sealing equipment would 
be surveyed as a basis for development of new automated equipment which will 
produce reliable low cost hermetic seals and can be operated by low skill 
operators. In addition to researching and developing automated equipment 
for epoxy application, research of other sealing techniques would be conduct- 
ed to determine if they can be adapted successfully to specific joint designs 
utilized іп the present gyros and accelerometers. Potential candidates in- 
clude (1) use of a coated cover end seam as used in the tin can industry 
where millions of сапе are produced dailv, (2) use of a screw top cover seal 
which would provide hermeticity and perm:.t easy recovery of defective units, 
and (3) use of compression seal techniques utilizing metal, silicone, or 
other composite material gaskets as presently employed in the vacuum industry. 


The second phase of the project would involve building pilot production 
equipment which would be used to fabricate prototype inertial instruments 
utilizing the new sealing materials and techniques. The prototype hardware 
would then be subjected to extensive performance and environmental tests to 
prove the feasibility of the new technology. 


Development and validation of new sealing technologies would require 
a thirty-six month program. Estimated project cost by phase is as follows: 


Review present hermetic seal designs and determine б 
applicability of alternative new sealing techniques 6 40,000 


Research and develop satisfactory sealing epoxies $ 180,000 
Research and develop other sealing methods 5 130,000 


Design and develop prototype automated sealing 
equipment § 150,000 


Build pilot production equipment and tooling and 
fabricate prototype hardware to validate the 
feasibility of the proposed sealing technologies; 


optimize equipment and processes 5 500,000 

Conduct performance and environmental tests on 

prototype hardware § 200,000 
Total $1,200,000 


Successful completion of this project will result in a 15% reduction in 
total inertial instrument cost by reducing fabrication and assembly costs, 
inspection and test time, support labor, and rework costs; additional bene- 
fits will accrue from increased component quality and reliability. The im- 
proved sealing technologies developed in this project would have applica- 
bility to many other precision assemblies which require harmetic seals, 
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Automated Techniques for Deburring Precision 
Inertial Instrument Parts 


The inertial instruments used in the Improved HAWK missile consist of 
eight precision machined parts on which, during the machining operations, 
burrs occur within the holes, edges, and threads; these burrs are of the 
Class D and E types which require inspection with twenty-power microscopes. 
Fabrication of these precision metal parts requires that all small burrs be 
removed prior to assembly. Any small metal particles which are not removed 
during the fabrication process are likely to break off after the unit is 
assembled and contaminate the fluid sealed within the unit. Contaminants 
which are introduced into critical tight tolerance areas of the instruments 
will cause the units to malfunction or fail. 


Automated deburring techniques have been applied to some of the simpler 
and less critical fabrication areas; however, automation has not been applied 
extensively to precision parts for two primary reasons: (1) the multitude 
of various shapes of the component parts does not lend itself to wide scale 
automation, and (2) the objective of the deburring operation is to remove 
only the burrs without removing any of the metal from the surfaces of the 
parts which have been machined to dimension with tolerances on the order of 
tenths of thousands of an inch in many cases. Some of the deburring on the 
present Improved HAWK instrument housings is done using a machine slurry 
operation which is accomplished by securing the part in a fixture and pump- 
ing an abrasive sludge through the item. This method is effective when the 
part has rather wide tolerancing and deburring is only required on the in- 
side of the unit; most Improved HAWK inertial instrument parts have tight 
tolerances and require deburring externally as well as internally in areas 
such as threads and seats. The slurry deburring method results in removal 
of metal and thus becomes impractical in those areas where part tolerancing 
would not allow for this material removal. 


As a result of the aforementioned problems associated with deburring of 
precision close tolerance parts, most of the existing deburring operations 
are performed manually using a pic, emery cloth, brush, or any other device 
which can be manipulated in order to remove, buff, or smooth out the burrs. 
Many burrs are virtually inaccessible for removal and many man hours are 
spent attempting to find and remove them from within these inaccessible 
areas. Although most operators are experienced, some parts invariably be- 
come damaged during the deburring cycle and then must be either reworked or 
scrapped, depending on the magnitude of the damage, thus causing a yield 
problem. Due to the machining complexity of some of the parts, deburring 
is required after each major machining operation which is time-consuming 
and costly since these parts spend a considerable amount of time in trans- 
sit between operations. In addition, the handling, reviewing, deburring, 
and inspection times are increased resulting in more opportunity for damage 
to be incurred. 


Since present deburring processes are almost exclusively manual opera- 
tions with the inherent problems of lack of part consistency and uniformity 
and increased potential for error requiring extensive rework and inspection 
time, development of more automated, less expensive, deburring techniques 
and equipment is required. Consequently, a manufacturing technology pro- 
ject is proposed which would develop automated processes and equipment to 
deburr precision inertial instrument parts without the loss of, or with соп- 
trolled loss of, material. 
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This project would survey and review automated deburring processes uti- 
11264 within industry and ascertain the feasibility of applying or extending 
these techniques to the manufacture of Improved HAWK inertial instruments. 
Among the existing methods which would be investigated and evaluated are 
slurry deburring (viscous abrasive under pressure), electrochemical deburring, 
and thermal energy deburring (intense heat). 


The slurry method is presently being employed in limited applications 
as discussed above. An investigation to promote a wider range of utilization 
of this process would be undertaken including testing the practicability of 
using different combinations of liquid materials and abrasives, along with 
redesigned tooling to allow for external, as well as internal deburring. 
The results of these tests would determine how much metal, if any, would be 
removed during the deburring cycle and then allowances for this metal re- 
moval could be included in the machining tolerances. The amount of excess 
metal would have to be determined in conjunction with the various abrasive 
media. 


The electrochemical machining process is one in which an aqueous salt 
solution, D.C. power source, and chemical. reaction are used to dissolve a 
ferrous material. With the piece to be deburred as the anode and a specially- 
designed tool as the cathode, a precisely defined amount of metal сап be 
removed in any area desired; the amount of removal is proportional to the 
product of current and time. This method would reduce both the deburring 
costs as well as existing machining costs; close tolerance machining would 
no longer be required since this process could perform functional precision 
"machining" and deburring in one operation. 


Another method which would be evaluated utilizes a thermal energy device 
that literally burns the burrs off machined parts. The machined parts are 
put іп а chamber which is sealed and pressurized, filled with gases (usually 
hydrogen and oxygen), and then ignited by a spark plug creating a transient 
burst of intense heat. The burrs, because of their high ratio of surface 
area to mass, are raised to a temperature above the point of autoignition, 
but the machined part remains intact and unaffected because of its low sur- 
face area to mass ratio. Ignition of the gas produces a high temperature 
thermal wave within the chamber and burrs are burned off in milliseconds, 


Based upon the survey of existing processes new automated equipment 
would be developed combining and improving various features from different 
deburring technologies; the new equipment and tooling would be designed to 
allow versatility of parts handling as well as automated control of the 
actual deburring process and material removal functions. Pilot production 
equipment would be built in order to demonstrate the feasibility of applying 
the new processes to deburr Improved HAWK inertial instrument parts. 


This project would require a thirty-six moàhth effort to design, build, 
and demonstrate the feasibility of the new pilot азы equipment, Тһе 
estimated project cost by phase із as follows: ig 


Investigate and review automated deburring 

processes and evaluate feasibility of various 

alternative processes for deburring inertial 

instrument parts. $ 95,000 
Design automated equipment and tooling Roo 57 50,000 


Build prototype equipment and tooling for de- 
burring critical inertial instrument parts. $ 580,000 
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Evaluate prototype hardware fabricated 

using new equipment; optimize equipment 

anc processes. $150,000 
Total $865,000 


The benefits to be derived from successful completion of this project 
are increased reliability and part consistency as well as a significant re- 
duction in inertial instrument recurring costs by reducing rework and scrap, 
minimizing the amount of touch labor involved in fabrication, and reducing 
inspection requirements and costs. Application of this technology to the 
manufacture of Improved HAWK inertial instruments in production quantities 
would reduce the total instrument cost by approximately 2.5%. Тһе improved 
deburriug technologies developed in this project would also have applicabil- 
ity to precision machining of other components (e.g. servovalves, motors, 
etc.). 


Utilization of Molded Composite Materials іп 
Actuator and Gimbal Control Systems 


The elevon and gimbal actuator control systems are major cost drivers 
in the improved HAWK missile. These high pressure, hydraulically actuated, 
servovalve-controlled systems consist primarily of precision mechanical 
assemblies for which the material and fabrication costs are the primary cost 
elements. In order to meet the stringent performance, reliability, weight, 
and safety requirements imposed upon these systems, the present designs use 
aluminum forgings and castings which are then extensively machined to obtain 
the required shapes, dimensions, tolerances, and surface finishes. Іп many 
instances, a considerable amount of machining is required simply to reduce 
the weight of a part which could not be cast or forged without a significant 
amount of excess material. Fabrication costs are increased by requirements 
for protective finishes in order to meet missile environmental requirements. 


In order to reduce the actuator and gimbal control system cost, a study 
should зе initiated to assess the feasibility of utilizing less expensive 
materials which could be formed using less expensive fabrication techniques. 
A two phase manufacturing technology project is proposed to survey existing 
materials and fabrication techniques as a basis for developing new materials 
and processes which would meet the requirements for application in the 
Improved HAWK missile. The first phase of the project would consist of an 
investigation to determine the feasibility of utilizing existing materials 
such as plastics, fiberglass, and composites in high pressure hydraulic and 
pneumatic systems. New materials would be developed as required and manu- 
facturing technologies extended to develop mass production capability. 
Material forming technologies would also be studied and applied. со the ele- 
von and gimbal actuator control systems. Since the parts could be molded 
more closely to final shape than the present castings and forgings, 
material savings could be achieved in addition to the elimination of costly 
machining and finishing (e.g. anodizing) operations. Use of plastic compo- 
site materialis would afford a potential weight reduction in comparison to 
aluminum. 


A survey of plastic material suppliers would be conducted to select a 
minimum number of candidate materials for trial during the project. Present 
indications are that the majority of components under study would require a 
thermoset plastic with the addition of a filler material such as epoxy resin 
with glass fibers. Particular attention would be paid to the low shrink 
qualities and high dímensional stability of the candidate materials in order 
to meet the close tolerance specifications, environmental conditions, and 

~ storage life requirements for the components under study. 
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Qptimum molding processes would be selected for each individual арріі- 
cation based upon an analysis to determine whether the part should be trans- 
fer molded in order to mold in close tolsirance threaded inserts, compression 
molded where strength is the prime consideration, or injection molded to take 
advantage of its capability for close tolerance dimensions. Аз a part of 
this project the design of each componen- part to be moided and evaluated 
would be reviewed with an aim toward minimizing the number of close tolerance 
areas in order to increase the percentage of the part that could be molded 
to finish dimension thus reducing the requirements for finish machining. 


Concurrent with the study of the proper materials and manufacturing 
processes, a review would be made of the proper application of cutting tools, 
feeds, speeds, and coolants in areas where machining could not be completely 
eliminated. This study would consist of acquiring molded blocks of all 
materials being tested and performing actual machining operations in order 
to find the optimum tool geometry for each material application. 


Having developed the materials, molding processes, and machining tech- 
niques which wouid be applicable to the various gimbal and actuator assembly 
parts, the second phase of this project would consist of building molds to 
fabricate all critical components of these two assemblies for evaluation 
and test. Maximum usage of the benefits of molding technologies would be 
incorporated into this project. For example, the rocker arm and gimbal arm 
(components of the gimbal assembly) are currently machined from aluminum 
forgings. These parts require extensive machining to remove unnecessary 
material to effect weight reduction, drilling and tapping prior to install- 
ing various inserts, and deep-hole gun drilling for long hydraulic ports. 
Utilization of molded plastic fabricatior techniques would allow threaded 
inserts to be molded into the part, corirg to minimize the amount of material 
which must be removed for weight reducticn, coring of the deep hydraulic 
holes eliminating gun drilling, and coring of shaft holes close to their 
finish diameter requiring only final rearing to obtain finish size. 


Mechanical and environmental testing including tensile strength, stiff- 
ness, impact resistance, high and low temperature shock, hydraulic oil and 
solvent stability, and humidity and fungus resistance would be performed on 
the component parts in order to assure product quality and material stability. 
Final testing would involve buildup of the components into complete actuator 
and gimbal assemblies and subjecting the assemblies to complete subsystem 
performance and environmental tests to verify the feasibility of the new 
manufacturing technologies. 


Complete development and evaluation of this project would require an 
eighteen month program. Estimated project costs by phase are summarized 
below: 


Survey existing materials and molding processes $ 40,000 


Fabricate molds for actuator and gimbal assembly 
parts $ 330,000 


Procure sample parts for prototype evaluation tests $ 210,000 
Conduct component, subassembly, and final assembly 


tests including complete performance and environ- 
mental test to verify feasibility of prototype 


hardware $ 300,000 
Engineering support $ 210,000. 
Total $1,090,000 
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The benefits to be derived from successful completion ої this project 
are significant reductions in material and fabrication costs and reduced 
weight. Estimated cost savings are 15% of the total gimbal and elevon зсёца- 
tor system costs. 


Utilization of Filament Wound Reinforced Plastics in 
High Pressure Hydraulic Power Supplies 


The onboard hydraulic power supply is a stored gas charged accumulator 
which is a significant cost driver in the Improved HAWK missile. The present 
accumulator is comprised of a heavy steel sphere filled with nitrogen gas 
and installed inside a polyurethane bladder; the gas sphere and bladder are 
assembled іп a steel outer shell which also contains the hydraulic fluid for 
use in the missile actuator systems. The gas sphere and oil reservoir are 
manufactured from steel forgings and require expensive welding and machining 
operations to complete their configuration. 


The present gas vessel is manufactured from two hemispherical steel 
forgings which require a considerable amount of machining both internally and 
externally; after machining, the two halves are girth welded to form the 
sphere. Extreme care must be exercised during the fabrication of the gas 
vessel in order to prevent corrosion and to obtain a highly reliable weld. 
The fabrication and inspection costs associated with these processes contri- 
bute substantialiy to the cost of this component. 


The oil reservoir (outer shell) is presently made from a single large 
steel forging from which a considerable amount of material must be removed 
both internally and externally in order to obtain the finished thin-walled 
shell. Іп addition six mounting lugs must be welded around the circumference 
of this part for mounting purposes. Extensive machining operations, the cost 
of the forging, and the scrap due to imperfect уе145 contribute to the ex- 
pense of manufacturing the oil reservoir. 


In order to reduce the manufacturing cost of the hydraulic accumulator, 
new materials апа processes must be developed which will reduce the amount 
of expensive machining and welding currently required for these units.  Con- 
sequently a manufacturing technology project is proposed which would review 
filament wound reinforced plastic technology associated with the manufacture 
of hemispherical and cylindrical shapes and would extend and adapt these 
techniques to the manufacture of the Improved HAWK accumuiator assembly. 


Filament wound reinforced plastic is а unique structural material which 
combines glass, graphite, or other fibers with resin to produce low density, 
Shell-like structures that are lighter than aluminum and as strong as heat- 
treated steel. Оп completion of the winding process, the unit is cured under 
heat and pressure in an autoclave. The fibers are in the form of continuous 
filaments grouped to form a roving which can be easily handled during fabri- 
cation. The resin, such as a thermo-setting epoxy polymer (114414 in its 
natural form), is combined with curing agents forming a tough durable binder 
for the glass. Although the fibers contribute the major portion of strength, 
the resin is equally important in coating and protecting the filaments from 
abrasion and moisture damage. and providing shear strength for the composite, 


Тһе filaments are wound over mandrels which сап be made either from 
metal and split if necessary for ease of removal from the component or molded 
from sand, salt, or plaster. Use of these latter materials allows almost 
a complete spherical shape to be made with a single opening for removing the 
core material. . 
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This project would survey existing materials and processes апа extend 
the technology for application to high pressure storage vessels which will 
satisfy missile safety, storage, and operational requirements. Prototype 
accumulator hardware would be fabricated and the units subjected to exten- 
sive performance and environmental tests to prove the feasibility of the 
project. This effort would require an eighteen month program; estimated pro- 
ject costs are summarized below: 


Survey existing materials and processes 8 30,000 

Fabricate molds for the gas and oil vessels $ 5,000 

Fabricate prototype parts for evaluation tests 5 50,000 

Conduct feasibility evaluation program including 

performance and environmental tests $ 150,000 

Engineering support 5 110,000 
5 345,000 


Application of filament wound plastic technologies to the manufacture of 
the Improved HAWK ‘accumulator assembly would reduce material and fabrication 
and welding operations as well as provide for weight reduction. Cost savings 
are estimated to be 1522 of the total accumulator assembly costs. The tech- 
nologies derived from this project would have wide applicability to other 
types of fluid and gas pressure vessels used in both stored as well as 
recirculating hydraulic and pneumatic supplies. 


Automated Flexible Printed Cables with 
Integral Molded Connectors 


Fabrication of interconnecting cable harnesses is a major cost driver 
in the Improved HAWK missile. Present cables are manufactured from individ- 
ual wire runs which are routed witb appropriate break outs as required for 
the particular cable configuration.  Beczuse of the multitude of unique 
cable harnesses little automation has been applied. 


The major cost drivers in manufacturing the present cable harnesses are 
the assembly, inspection, and rework costs. Cable harness fabrication is 
essentially an operator function with the inherent potential for wiring 
errors and damage during manufacturing. Manual operation increases the need 
for inspection of both the cable configuration and components.  Rework to 
correct problems such as reversed wiring, incorrect marking, missing lacing 
and tie points, and incorrect lead lengtk is a significant cost factor 
which could be substantially reduced with automated cable manufacturing. Use 
of discrete wiring cable imposes further limitations on missile design. such 
as excessive space and weight requirements due to insulation and shielding 
requirements, the difficulty of making small radius bends, and the lack of 
repeatability and uniformity of the lay-in of a bundle of wires which must 
be arranged to eliminate noise and cross-talk. 


In order to reduce cable fabrication costs, a manufacturing technology 
project is proposed to develop automated techniques which would minimize the 
assembly, inspection, and rework costs. This project would apply flexible 
printed саБіе fabrication technologies to develop automated manufacturing 
equipment which would produce flexible printed cable harnesses with integral 
molded connectors for specific critical applications within the Improved 
HAWK missile. The project would be directed toward maximizing the degree of 
automation involved by developing molding processes and materials which would 
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allow fabrication of the complete cable/connector assembly thus eliminating 
problems associated with attaching and potting connectors. Successful com- 
pletion of this project would reduce manufacturing costs by reducing the 
amount of touch labor involved in fabrication and assembly, reducing handl- 
ing and in-process storage, and minimizing inspection requirements.  Impro- 
ved reliability would be obtained via more repeatable, uniform parts which 
would not be subject to the same potential for manual errors. 


This effort would require an eighteen month program; estimated project 
costs are summarized below: 


Investigation and analysis for specific 


applications within the Improved HAWK missile $ 60,000 
Design development including material selection $ 90,000 
Development of automated manufacturing techniques $ 250,000 


Engineering support for prototype fabrication 
and evaluation tests $ 130,000 
Total 5 520,000 


Successful completion of this project would result in increased relia- 
bility and uniformity in cable harnesses as well as weight reduction and 
space savings. Primary manufacturing costs (material, fabrication, and 
assembly) would be substantially reduced, additional savings would be derived 
from reductions in rework and inspection costs, reduced handling, and re~ 
duced in-process storage with its associated labor. These benefits would 
reduce the total cable manufacturing costs by an estimated 35%. 
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Title: Manufacturing Technology Project to Develop Automated 
Techniques for Obtaining Reliable Low Cost Hermetic 
Seals in Inertial Instruments 


System/Panel Area/Component: Improved HAWK/Control/Inertial Instruments 
Problem: 


Inertial instruments (gyros and accelerometers) are high volume, high 
Cost, precision assemblies which are major cost drivers in the Improved НАЙК 
Control System. Reliable performance o: these instruments requires critical 
tolerancing of mating parts, extreme cleanliness, and freedom from contam- 
nating fluxes and foreign materials. Assembly of these instruments involves 
numerous bonding operations to obtain both mechanical and structural joints 
as well as hermetic seals. One of the najor cost factors in the manufacture 
of these precision instruments is obtaining reliable hermetic seals which 
will withstand the environmental conditions (shock, vibration, acceleration, 
temperature cycling, long term storage, etc.) associated with missile appli- 
cations, 


Due to the wide diversity of shapes and types of parts being bonded, 
few operations have been automated. Present instrument assembly techniques 
utilize conventional шесһап1са1 bonds (solder, braize, weld) to achieve 
hermetic seals; the inherent problems associated with the present methods 
contribute to excessive scrap and rework. with resulting higher costs. The 
use ої these techniques requires that heat be applied to the parts which сап 
cause distortion of precision mating assemblies. Тһе sealing technique most 
extensively used іп the manufacture of Improved HAWK inertial instruments 
is soldering which requires tight tolerances for mating parts so that 
proper solder flow and wetting are achieved, and extreme cleanliness and 
temperature and humidity control during the soldering operation. Soldering 
requires plating when the base metal is not compatible with solder thus 
affording opportunities for other manufacturing problems associated with the 
plating process (blistering, insufficient plating thickness, loose particles 
due to poor adhesion, etc.). Expensive controls over the soldering process 
are also required to prevent problems such as solder voids and flux migra- 
tion. Use of other bonding agents such as epoxies is not widespread due to 
embrittlement, aging, porosity, and quality control problems. 


Proposed Solution: 


This project would survey various industries and investigate methods 
and techniques presently being used for hermetic sealing in production. 
Existing technologies would be modified and extended to meet the high relia- 
bility requirements of missile applications and eliminate the present pro- 
blems associated with excessive heat, extremely tight tolerances, and plat- 
ing. The new sealing materials and techaologies would be adaptable to low 
cost, high production, automated manufacturing processes. 


The first phase of the project would involve a detailed review of the 
present inertial instrument hermetic seal designs and assess the арріїса- 
bility of alternative sealing techniques. An industry survey would be соп- 
ducted to research available epoxies and/or develop a new epoxy material 
which will withstand the shock, vibration, humidity, temperature fungus 
salt spray, and long term storage conditions of missile environments, Avail- 
able epoxy sealing equipment would be surveyed as a basis for development ої 
new automated equipment which will produce reliable low cast hermetic seals 
and can be operated by low skill operators. Іп addition to researching and 
developing automated equipment for epoxy application, research of other 
sealing techniques would be conducted to determine if they can be adapted 
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successfully to specific joint designs utilized іп the present gyro and 
accelerometers. Potential candidates include (1) use of a coated cover end 
seam as used in the tin can industry where millions of cans are produced 
daily, (2) use of a screw top cover seal which would provide hermeticity 
and permit easy recovery of defective units, and (3) use of compression 
seal techniques utilizing metal, silicone, or other composite material gas- 
kets as presently employed in the vacuum industry. 


Project: Cost and Duration: 


Review present hermetic seal designs and determine 


applicability of alternative new sealing techniques $ 40,000 
Research and develop satisfactory sealing epoxies $ 180,000 
Research and develop other sealing methods $ 130,000 


Design and develop prototype automated sealing 
equipment $ 150,000 


Build pilot production equipment and tooling and 

fabricate prototype hardware to validate the 

feasibility of the proposed sealing technologies; 

optimize equipment and processes 5 500,000 


Conduct performance and environmental tests on 
prototype hardware $ 200,000 
Total 51, 200, 000 


Duration ої Project: 36 Months 


Benefits: 


Successful completion of this project will result in a 15% reduction 
in total instrument cost by reducing fabrication and assembly costs, in- 
spection and test time, support labor, and rework costs; additional benefits 
will accure from increased component quality and reliability. The improved 
sealing technologies developed in this project would have wide applicability 
to many other precision assemblies which require hermetic seals. 


Assumptions: 
Component cost reduction is estimated based on current production rates, 
Project cost, production tooling costs, and formal qualification costs (in- 


cluding flight test validation) have not been amortized in deriving the cost 
benefits. 
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Title: Manufacturing Technology Project to Develop Automated Deburring 
Techniques for Precision Inertial Instrument Farts 


System/Panel Area/Component: Improved JAWK/Control/Inertial Instruments 


Problem: 


The Improved HAWK Missile is a high volume production system for which 
inertial instrument (gyros and acceleroneters) are a major cost driver. 
These instruments consist of eight precision machined parts on which, during 
the machining operations, burrs occur within the holes, edges, апа threads; 
these burrs are of the Class D 5 E types which require inspection with 
twenty-power microscopes. Fabrication of these precision metal parts for 
use in inertial instruments requires that all small burrs be removed prior 


to assembly. Any small metal particles which are not removed during the 
fabrication process are likely to break off after the unit is assembled and 
contaminate the fluid sealed within the unit.  Contaminants which are intro- 


duced into critical tight tolerance areas of the instruments will cause the 
units to malfunction or fail, 


Automated deburring techniques have been applied to some of the simpler 
and less critical fabrication areas; however, automation has not been applied 
extensively to precision parts for two primary reasons: (1) the multitude 
of various shapes of the component parts does not lend itself to wide scale 
automation, and (2) the objective of the deburring operation is to remove 
only the burrs without removing any of the metal from the part surfaces 
which may have tolerances on the order of tenths of thousands of an inch. 
Some of the deburring on the present Improved HAWK instrument housing is 
done using a machine slurry operation which 15 accomplished by capturing the 
part in a fixture and pumping an abrasive sludge through the item. This 
method is effective when the part has rather wide tolerancing and deburring 
is only required on the inside of the unit; most Improved HAWK inertial in- 
strument parts have tight tolerances and require deburring externally as 
well as internally in areas such as threads and seats. Тһе slurry deburring 
method results in removal of metal aud Елив becomes impractical in those 
areas where part tolerancing would not allow for this material removal. 


Às a result of the aforementioned problems associated with deburring of 
precision close tolerance parts, most of the existing deburring operations 
are performed manually using а pic, етегу cloth, brush, or any other device 
which can be manipulated in order to remove, buff, or smooth out the burrs. 
Many burrs are virtually inaccessible for removal aad many man hours are 
spent attempting to find and remove them from within these inaccessible 
areas. Although most operators are experienced, some parts invariably be- 
come damaged during the deburring cycie and then must be either reworked 
or scrapped, depending on the magnitude cf the damage, thus causing а yield 
problem. Due to the machining complexity of some ої the parts, deburring is 
required after each major machining operation which is time-consuming and 
costly since these parts spend a considerable amount of time in transit be- 
tween operations. In addition, the handling, reviewing, deburring and ins- 
pection times are increased resulting in more opportunity for damage to be 
incurred. 


Since present deburring processes are almost exclusively manual opera- 
tions with the inherent problems of lack of part consistency and uniformity 
and increased potential for error requiring extensive rework and inspection 
time, the development of more automated, less expensive, deburring techniques 
and equipment is required. 


48 


Proposed Solution: 


This project would review automated deburring processes and ascertain 
the feasibility of applying these techniques to deburr precision inertial 
instrument parts without the loss of, or with controlled loss of, material. 
The objectives of this project are to eliminate scrappage due to human error, 
increase consistency of parts and decrease the costs attributed to rework 
by combining various features of different deburring methods. 


Alternative technologies would be investigated and the feasibility of 
automating new techniques would be determined. Some of the existing methods 
which would be investigated and evaluated are slurry deburring (viscous 
abrasive under pressure), electrochemical deburring, and thermal energy de- 
burring (intense heat). 


The slurry method is presently being employed in limited applications 
as discussed above. An investigation to promote a wider range of utiliza- 
tion of this process would be undertaken including testing the practica- 
bility of using different combinations of liquid materials and abrasives, 
along with redesigned tooling to allow for external, as well as internal de- 
burring. The results of these tests would determine how much metal, if any, 
would be removed during the deburring cycle and then allowances for this 
metal removal could be included in the machining tolerances. Тһе amount of 
excess metal would have to be determined in conjunction with the various 
abrasive media. 


The electrochemical machining process is one in which an aqueous salt 
solution, D.C. power source, and chemical reaction are used to dissolve a 
ferrous material. With the piece to be deburred as the anode and a special- 
ly-designed tool as the cathode, a precisely defined amount of metal сап be 
removed in any area desired; the amount of removal is proportional to the 
product of current and time. This method would reduce both the deburring 
costs as well as existing machining costs; close tolerance machining would 
no longer be required since this process could perform functional precision 
"machining" and deburring in one operation. 


Another method which would be evaluated utilizes a thermal energy de- 
vice that literally burns the burrs off machined parts. The machined parts 
are put in a chamber which is sealed and pressurized, filled with gases 
(usually hydrogen and oxygen), and then ignited by а spark plug creating a 
transient burst of intense heat. The burrs, because of their high ratio of 
area to mass, are raised to a temperature above the point of autoignition, 
but the machined part remains intact and unaffected because of its low 
surface area to mass ratio. Ignition of the gas produces a high temperature 
thermal wave within the chamber and burrs are burned off in milliseconds. 


This project would consist of developing new automated equipment which 
combines and improves features from different deburring technologies; the 
new equipment and tooling would be designed to allow versatility of parts 
handlirg as well as automated control of the actual deburring process and 
material removal functions. Application of this new technology would re- 
sult in significant reductions in the cost of inertial instrument precision 
machined parts. 
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Project Cost and Duration: 


Investigate and review automated deburring 

processes and evaluate feasibility of various 

alternative processes for deburring inertial 

instrument parts. $ 95,000 


Design automated equipment and tooling $ 50,000 


Build prototype equipment and tooling for 
deburring critical inertial instrument parts | $ 580,000 


Evaluate prototype hardware fabricated using 
new equipment; optimize equipment and processes $ 150,000 
Total $ 865,000 


Project Duration: 36 Months 


Benefits: 


The benefits to be derived from successful completion of this project 
are increased reliability and part consistency as well as a significant 
reduction in inertial instrument recurring costs by reducing rework and 
scrap, minimizing the amount of touch labor involved in fabrication, and 
reducing inspection requirements and costs, Application of this technology 
to the manufacture of Improved НАМК inertial instruments іп production quan- 
tities would reduce the total instrument cost by approximately 2.5Z. The 
improved deburring technologies developed іп this project would also have 
applicability to precision machining of other components (e,g. servovalves, 
motors, есс.). 


Assumptions: 
Component cost reduction is estimated based on current production rates. 
Project cost, production tooling costs, and formal qualification costs 


(including flight test validation) have not been amortized in deriving the 
cost benefits. 
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Title: Manufacturing Technology Project to Utilize Molded 
Composite Materials in Actuator and Gimbal Control Systems’ 


System/Panel Area/Component: Improved HAWK/Control/Actuators and Gimbals 


Problem: 


The elevon and gimbal actuator control systems are major cost drivers 
in the Improved HAWK Control System. These high pressure, hydraulically 
actuated, servovalve controlled systems are primarily precision mechanical 
assemblies for which the material and fabrication costs are the primary cost 
elements, In order to meet the stringent performance, reliability, weight, 
and safety requirements imposed upon these systems, the present designs use 
aluminum forgings and castings which are then extensively machined to obtain 
the required shapes, dimensions, tolerances, and surface finishes. In many 
instances, a considerable amount of machining is required simply to reduce 
the weight of a part which could not be cast or forged without a significant 
amount of excess material. Fabrication costs are also increased by require- 
ments for protective finishes in order to meet missile environmental require- 
ments, 


Proposed Solution: 


This project would investigate the feasibility of utilizing existing 
materials such as plastics, fiberglass, and composites for high pressure 
hydraulic and pneumatic systems. New materials would be developed as re- 
quired and manufacturing technologies extended to develop mass production 
capability. Material forming technologies would also be studied and applied 
to the elevon and gimbal actuator control systems. Since the parts could be 
molded more closely to final shape than the present castings and forgings, 
material savings could be achieved in addition to the elimination of costly 
machining and finishing (e.g. anodizing) operations. Use of plastic compo- 
site materials would afford a potential weight reduction in comparison to 
aluminum, 


A survey of plastic material suppliers would be conducted to select a 
minimum number of candidate materials for trial.during the project. Present 
indications are that the majority of components under study would require a 
thermoset plastic with the addition of a filler material such as epoxy resin 
with glass fibers. Particular attention would be paid to the low shrink 
qualities and high dimensional stability of the candidate materials in order 
to meet the close tolerance specifications, environmental conditions, and 
storage life requirements for the components under study. 


Optimum molding processes would be selected for each individual applica- 
tion based upon an analysis to determine whether the part should be transfer 
molded in order to mold in close tolerance threaded inserts, compression 
molded where strength is the prime consideration, or injection molded to take 
advantage of its capability for close tolerance dimensions. Аз a part of 
this project the design of each component part to be molded and evaluated 
would be reviewed with an aim toward minimizing the number of close toler- 
ance areas in order to increase the precentage of the part that could be 
molded to finish dimension thus reducing the requírements for finish machin- 


ing. 


Concurrent with the study of the proper materials and manufacturing 
processes, a review would be made of the proper application of cutting tools, 
feeds, speeds and coolants in areas where machining could not be completely 
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eliminated. This study would consist of acquiring molded blocks of all 
materials being tested and performing actual machining operations in order 
to find the optimum tool geometry for each material application. 


Having developed the materials, molding processes, and machining tech- 
niques which would be applicable to the various gimbal and actuator assembly 
parts, molds would be built to fabricate all critical components of these 
two assemblies for evaluation and test. Maximum usage of the benefits of 
molding technologies would be incorporated into this project. For example, 
the rocker arm and gimbal arm (components of the gimbal assembly) are cur- 
rently machined from aluminum forgings. These parts require extensive 
machining to remove unnecessary material to effect weight reduction, drill- 
ing and tapping prior to installing various inserts, and deep-hole gun drill- 
ing for long hydraulic ports. Utilization of molded plastic fabrication 
techniques would allow threaded inserts to be molded into the part, coring 
to minimize the amount of material which must be removed for weight reduc- 
tion, coring of the deep hydraulic holes eliminating gun drilling, and coring 
of shaft holes close to their finish diameter requiring only final reaming 
to obtain finish size. Other components which are presently machined from 
aluminum extrusions could probabiy be molded complete to print eliminating 
practically all drilling, tapping, and milling operations. 


Mechanical and environmental testing including tensile strength, stiff- 
ness, impact resistance, high and low temperature shock, hydraulic oil and 
solvent stability, and humidity and fungus resistance would be performed on 
the component parts in order to assure product quality and material stability. 
Final testing would involve buildup of the components into complete actuator 
and gimbal assemblies and subjecting the assemblies to complete subsystem 
performance and environmental tests to verify the feasibility of the new 
manufacturing technologies. 


Project Cost and Duration: 


Survey existing materials and molding processes | 5 40,000 


Fabricate molds for actuator and gimbal assembly 
parts 5 330,000 


Procure sample parts for prototype evaluation tests $ 210,000 
Conduct component, subassembly, and 


final assembly tests including complete 
performance and environmental test го verify 


feasibility of prototype hardware $ 300,000 
Engineering Support $ 210,000 
Total $1,090,000 


Duration of Project: 18 Months 


Benefits: 


The benefits to be derived from successful completion of this project 
are significant reductions in material and fabrication costs and reduced 
weight. Estimated cost savings are 15% of the total gimbal and elevon 
actuator system cogts. 5 
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Assumptions: 


Component cost reduction is estimated based on current production rates. 
Project cost, production tooling costs, and formal qualification costs 


(including flight test validation) have not been amortized in deriving the 
cost benefits, 
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Title: Manufacturing Technology Project to Utilize Filament Wound 
Reinforced Plastics in High Pressure Hydraulic and Pneumatic 
Storage Vessels 


System/Panel Area/Component: Improved HAWK/Control/Power Supplies (Hydraulic) 


Problem: 


The onboard hydraulic power supply is a stored gas charged accumulator 
which is a significant cost driver in the Improved HAWK missile. The pre- 
sent accumulator is comprised of a heavy steel sphere fiiled with nitrogen 
gas and installed inside a polyurethane bladder; the gas sphere and bladder 
are assembled in a steel outer shell which also contains the hydraulic fluid 
for use in the missile acutator systems. The gas sphere and oil reservoir 
are manufactured from steel forgings and require expensive welding and 
machining operations to complete their configuration. 


The present gas vessel is manufactured from two hemispherical steel 
forgings which require a considerable amount of machining both internally 
and externally; after machining, the two halves are girth welded to fotm 
the sphere. Extreme care must be exercised during the fabrication of the 
gas vessel in order to prevent corrosion and to obtain a highly reliable 
weld. The fabrication and inspection costs associated with these processes 
contribute substantially to the cost of this component. 


The oil reservoir (outer shell) is presently made from 2 single large 
steel forging from which a considerable amount of material must be removed 
both internally and externally in order to obtain the finished thin-walled 
shell. In addition six mounting lugs must be welded around the circumfer- 
ence of this part for mounting purposes. Extensive machining operations, 
the cost of the forging, and the scrap due to imperfect welds contribute to 
the expense of manufacturing the oil reservoir. 


Proposed Solution: 


This project would review filament wound reinforced plastic technology 
associated with the manufacture of hemispherical and cylindrical shapes 
and would extend and adapt these techniques to the manufacture of the Impro- 
ved HAWK accumulator assembly. 


Filament wound reinforced plastic is a unique structural material 
which combines glass, graphite, or other fibers with resin to produce low 
density, shell-like structures that are lighter than aluminum and as strong 
as heat-treated steel. On completion of the winding process, the unit is 
cured under heat and pressure in an autoclave. The fibers are in the form 
ef continuous filaments grouped to form a roving which can be easily handled 
during fabrication. The resin, such as a thermo-setting epoxy polymer 
(liquid in its natural form), is combined with curing agents forming a tough 
durable binder for the glass. Although the fibers contribute the major por- 
tion of strength, the resin is equally important in coating and protecting 
the filaments from abrasion and moisture damage and providing shear strength 
for the composite. 


The filaments are wound over mandrels which can be made either fron 
metal and split if necessary for ease of removal from the component or 
molded from sand, salt, or plaster... Use of these latter materials would 
allow almost a complete spherical shape со be made with a single opening 
for removing the core material. 
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Application ої filament wound plastic technologies to the manufacture 
of the Improved HAWK accumulator assembly would reduce material апа fabrica- 
tion costs by eliminating the extensive and costly machining and welding 
operations as well as provide for weight reduction. 


Project Cost and Duration: 


Survey existing materials and processes § 30,000 
Fabricate molds for the gas and oil vessels $ 5,000 
Fabricate prototype parts for evaluation tests $ 50,000 


Conduct feasibility evaluation program including 
performance and environmental tests 5 150,000 


Engineering support $ 110,000 


Total $ 345,000 


Project Duration: 18 Months 


Benefits: 


The benefits to be derived from this project are significant reductions 
in material and fabrication costs and reduced weight. Estimated cost savings 
are 15% of the total accumulator assembly cost. 


Assumptions: 


Component cost reduction is estimated based on current production rates. 
Project cost, production tooling costs, and formal qualification costs 
(including flight test validation) have not been amortized in deriving the 
cost benefits. 
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Title: Manufacturing Technology Project to Develop Flexible Printed 
Cables with Integral Molded Connectors 


System/Panel Area/Component: Improved HAWK/Control/Interconnect Circuitry 


Problem: 


Fabrication of interconnecting cable harness is a major cost driver іп 
the Improved HAWK missile. Present cables are manufactured from individual 
wire runs which are routed with appropriate breakouts as required for the 
particular cable configuration. Because of the multitude of unique cable 
harnesses little automation has been applied. 


The major cost drivers in manufacturing the present cable harnesses 
are the assembly, inspection, and rework costs. Cable harness fabrication 
is essentially an operator function with the inherent potential for wiring 
errors and damage during manufacturing, Manual operation increases the 
need for inspection of both the cable configuration and components. Rework 
to correct problems such as reversed wiring, incorrect marking, missing 
lacing and tie points, and incorrect lead length is a significant cost 
factor which could be significantly reduced with automated cable manufac- 
turing. Use of discrete wiring cable imposes further limitations on missile 
design such as excessive space and weight requirements due to insulation 
and shielding requirements, the difficulty of making small radius bends, 
and the lack of repeatability and uniformity of the lay-in of a bundle of 
wires which must be arranged to eliminate noise and cross-talk. 


Proposed Solution: 


This project would apply flexible printed cable fabrication technol- 
ogies to develop automated manufacturing equipment which would produce 
flexible printed cable harnesses with integral molded connectors for speci- 
fic critical applications within the Improved HAWK missile. Тһе project 
would be directed toward maximizing the degree of automation involved by 
developing molding processes and materialis which would aliow fabrication of 
the complete cable/connector assembly thus eliminating probiems associated 
with attaching and potting connectors. Successful completion of this pro- 
ject would reduce manufacturing costs by reducing the amount of touch labor 
involved in fabrication and assembly, reducing handling and in-process 
storage, and minimizing inspection requirements. Improved reliability 
would be obtained via more repeatable, uniform parts which would not be sub- 
ject to the same potential for manual errors. 


Project Cost and Duration: 


Investigation and analysis for specific 
applications within the Improved HAWK missile $ 60,000 


Design development inciuding material selection $ 90,000 
Development of automated manufacturing techniques $ 250,000 


Engineering support for prototype fabrication 
and environmental tests $ 120,000 
Total $ 520,000 


Project duration: 18 Months 
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Benefits: 


Successful completion of this project would result in increased relia- 
bility and uniformity in cable harnesses as well as weight reduction and 
space saving. Primary manufacturing costs (material, fabrication, and 
assembly) would be sustantially reduced; additional savings would be de- 
rived from reductions in rework and inspection costs, reduced handling, and 
reduced in-process storage with its associated labor. These benefits 
would reduce the total cable manufacturing costs by an estimated 35%. 


Assumptions: 


Component cost reduction is estimated based on current production rates. 
Project cost, production tooling costs, and formal qualification costs 


(including flight test validation) have not been amortized in deriving the 
cost benefits. 
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DRAGON CONTROL SYSTEM 


MANUFACTURING TECHNOLOGY AND TRENDS 


Charles F. Marschner 
McDonnell Douglas Astronautics Company, 11-С0 


Titusville, Florida 32780 


THE DRAGON WEAPON 


The missile portion of the Dragon Weapon, Figure 1, is used in this discussion as the 
baseline for control system cost drivers. The cost drivers are identified at the control 
components level and also at levels within the components themselves. The manufacturing 
technology projects for which there appears to be a need are contained in separate attach- 
ments. Trends are commented on herein and as part of the projects proposed. 


Under the name Dragon, the МІТ Surface Attack Guided Missile System satisfies all 
requirements for & Medium Range Antitank/Assault Weapon. A brief description of the 
Dragon will assist in identifying the functions of the control system components which 
will be discussed in more detail. The Dragon is designed to be carried, set-up and fired 
ру а sirgle infantryman. Тһе round portion, which is expendable, includes the missile 
which is contained within, and protected by, the launcher until the moment of firing. 


TRACKER 


ROUND 
(MISSILE WITHIN LAUNCHER) 


FIGURE 1 DRAGON WEAPON 


Preceding gage blank 
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The launch propulsion system which expels the missile from the launch tube and the stowable 
support stand used to steady the launcher during firing and tracking are integral parts of 
the launcher. The Tracker, by which the infantryman-gunner guides the missile, is reusable. 
The missile is controlled for its entire flight by an interference proof wire cable which 
pays out as it proceeds to its target. Commarids are given by the Tracker electronics. The 
entire system weighs 32.1 pounds. Тһе round weighs 25.3 pounds апа the Tracker 6.8 pounds. 
The missile itself weighs 13.6 pounds. 


Operation of the Dragon is illustrated in Figure 2. The infantryman-gunner securely 
positions himself with the Launcher on his right shoulder, acquires the target on the 6 
power Tracker scope which has been snapped into position on the Launcher, and fires the 
weapon. He maintains the crosshairs of the Tracker sighting optics on the target as the 
missile proceeds to, and until it impacts the target. There is no necessity to "lead" a 
moving target. He then detaches the Tracker and abandons the Launcher. The entire opera- 
tion is required to be performed in about 15 seconds. 


MISSILE FLIGHT-SERIES OF 


TRACKER Pá “ROCKET MOTORS PROVIDE LIFT, 
(REUSED) Ие? FORWARD THRUST, DIRECTION 


INTERCONNECT CABLE 


ROUND-MISSILE IN LAUNCHER 
(EXPENDABLE) 


WEAPON IS CARRIED AND FIRED 
BY SINGLE INFANTRYMAN 


FIGURE 2 DRAGON WEAPON SYSTEM OPERATION 


The Dragon weapon is fully operational. It is in production at the TI-CO Plant, 
Titusville, Florida, of the McDonnell Douglas Astronautics Company (MDAC). Up to mid- 
September 1975 over 6500 rounds have been. completed in nearly three production years. 
Parts and component procurement has been completed for four production years for a total 
of about 10,000 rounds. Production Year 5, under contract, involves approximately 10,000 
additional rounds. Prior to initial production, 547 complete development and test rounds 
were built. In addition nearly 800 equivalent rounds were built for sub-system performance 
and qualification tests. Currently, production rounds are also being built by Raytheon as 
second source contractor working to the Technical Data Package developed by MICOM/MDAC. 
The following discussion and comments are based on the background of MDAC manufacturing, 
procurement, and engineering experience on the Dragon. 
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MISSILE CONTROL SYSTEM 


For the purpose of this discussion nine components are identified as comprising the 
control system. Their location within the missile and categorization, as required for use 
by this panel, is as shown in Figure 3. As hardware components they are grouped for dis- 
cussion as shown in Table I; system functions are also listed for each component. 


CATEGORY COMPONENT 

| INSTRUMENTS (Т) суко, (2) TIME DELAY SWITCH 

І ACTUATORS NONE 

HI CONTROL SURFACES G) FINS, (4) ROCKET MOTORS 

ІМ GIMBALS NONE 

V POWER SUPPLIES (5) THERMAL BATTERY 

VI DATA PROCESSORS (8) CONTROL SYSTEM COMPUTER, (7) FIRING CIRCUIT BOARDS 
ҮШ INTERCONNECT CIRCUITRY CONTROL CABLE, (9) НАТ WIRE HARNESS 


` FIGURE З DRAGON CONTROL SYSTEM COMPONENT LIST 


CONTROL SYSTEM COST DRIVERS 


The Dragon control system represents а substantial portion of the total missile cost. 
Within this control system the major cost drivers by category, in descending order of cost. 
аге: Deta Processors, Instruments and Control Surfaces. See Table IT. Component-wise 
and in order of descending cost, the system cost drivers are: Control Signal Computer, 
Gyro, Firing Control Boards, апа Rocket Motors. The Table I listing will be followed, due 
to related manufacturing characteristics, within each hardware grouping. 


Mechanical and Wiring 


American know-how and capability in metal working, particularly sheet metal stemping, 
wire marufacture and metal finishing is unequalled. We have commercially developed capa- 
bilities and expertise which are largely untapped for missile manufacture. This situation 
is apparently due to the relatively low production volume of many missile systems. Іп the 
metal working areas there is а need to develop existing sources wherever possible rather 
than to create really new manufacturing technology. Four control system components fall 
into the Mechanical апа Wiring grouping. 
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TABLE | DRAGON СОМТВО!. SYSTEM COMPONENTS 


HARDWARE GROUPING FUNCTION 


A. MECHANICAL & WIRING 


ROCKET MOTOR — LIFT, DIRECTION, FORWARD THRUST 
FLAT WIRE HARNESS -------- CONTROL SYSTEM INTERCONNECT 


-CONTROL CABLE WIRE BOBBIN ------- CONTROL INSTRUCTION DATA LINK 


FINS 


ROTATION AND FLIGHT STABILIZATION 


B. ELECTRONIC 


CONTROL SYSTEM COMPUTER -------- TRANSLATE ORIENTATION, INSTRUCT FIRING 
FIRING CIRCUIT BOARDS -------- SEQUENCE ROCKET MOTOR FIRING | 


С. SPECIALIZED/PROCURED 


GYRO 
PYRO 
BATTE 


МІ 


УН 


—— — ORIENTATION REFERENCE BASE 


ТІМЕ DELAY SWITCH INHIBIT INITIAL ROCKET MOTOR. FIRING, 
RY ------- POWER ELECTRONICS COMPONENTS 
TABLE П DRAGON CONTROL SYSTEM COST DISTRIBUTION 
CATEGORY COMPONENTS % ОҒ SYSTEM 
INSTRUMENTS - GYRO 18.7 
ТИМЕ DELAY SWITCH 21 
ACTUATORS - МОМЕ 
CONTROL SURFACES - ROCKET MOTORS 147 
FINS 17 
GIMBALS - МОМЕ 
POWER SOURCES - THERMAL BATTERY 5.5 
DATA PROCESSORS - CONTROL SIGNAL COMPUTER 32.5 
FIRING CONTROL BOARDS 16.9 
INTERCONNECT CIRCUITRY - CONTROL CABLE, 5.6 
FLAT WIRE HARNESS 2.3 
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Rocket Motor - Cost breakdown Гог this component is: 


Primer, ignition leads, fab. ала assembly 41% 
Chamber cup and nozzle halves 27% 
Grain retainer 12% 
Assembly and final installation 20% 


-Figure 4 shows the Dragon rocket motor configuration. Production volume of this 
component is expected to be between 6 million and 20 million units, 


B 
CHAMBER (SCREW MACHINED) INTEGRAL PRIMER 
PROPELLANT GRAIN 
(ARMY FURNISHED 
MATERIAL) 


IGNITION 
LEADS 


GRAIN RETAINER 
(STAINLESS STEEL 
CASTING) 


BURST DISC/SWAGE RING 
(STAMPING) 


FIGURE 4 ROCKET MOTOR CONFIGURATION 


The igniter portion is the major cost driver at 41%. Review indicates that the 
igniter is not susceptible to cost reduction through improved manufacturing technology. 
The combination of normal improvements in automation, handling, and methods refinement, 
increased production volume and the decreased test frequency possible through proven 
reliability are counted upon to reduce the cost of this item. 


The two halves of the chamber portion of the rocket motor are screw machined from 
7075T6 rod stock. Together they represent 27% of the rocket motor cost. Approximately 
85% of the raw material is reduced to chips. It appears that there is existing commercial 
competence to permit the two chamber halves to be stamped and coined so that only the 
threadei portions and the ends will require a secondary machining operation. A project, 
Attachment 1, is proposed to adapt existing manufacturing technology to this task, This 
project proposal includes advancing manufacturing technology in the areas of ultrasonic 
welding, adhesive bonding, and crimp assembly as alternatives with the objective of elimi- 
nating the threading, sealing, and leak testing operation. Figure 5 shows a configuration 
developed for ultrasonic welding. Adhesive bonding or crimping would be performed on the 
surface represented by the present thread pitch diameter. It is expected that fabrication 
by stamoing combined with assembly without threads would reduce cost of the chamber Бу 
about 25% and the total rocket motor by about 6.9%. Raw material cost, which is reduced 
by 75% accounts for most of the reduction. 


Efforts to qualify a stamped grain retainer to replace а cast design have been initi- 
ated. Work with a commercial stamping specialist company has resulted in manufacture of a 
suitable stamped configuration. It is expected that the grain retainer cost can be re- 
duced by about 2/3, for a saving of about 8% on each rocket motor. No new manufacturing 
technology is required for this item. 
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СИР НАШ NOZZLE HALF 
FIGURE 5 CHAMBER СОМРІСОВАТІОМ FOR ULTRASONIC WELDING 


Assembly of the rocket motor is already automated. Final installation is performed 
on a powered production line. Accordingly no new manufacturing technology requirement or 
potential is foreseen in this area. 


Flat Wire Harness - Cost breakdown for this. component is: 


Material 17% 
Lamination, tinning 46% 
Installation to other components 374 


Figure 6 shows the configuration of the harness. It is typical ої current design for 
such parts. Materials used are Kapton polyimid 3 mil outer surfaces with 2 oz. per sq. ft. 
copper lead material laminated with 1 mil modified epoxy. Two problem areas exist which 
appear to require improved low cost materials and manufacturing technology. One is the 
relative difficulty of assembly by soldering without creating some delamination. The other 
is a need for greater toughness and tear resistence to prevent edge damage due to handling 
during installation. While admittedly not a major source of manufacturing cost, improve- 
ments in these areas would reduce required skills and provide a measure of improved reli- 

‘ability. The combination of a better adhesive and a more heat resistant reinforced plastic 
surfacing layer suggests itself as a means to create an improved enc product. A project 
proposal is provided as Attachment 2. 


Control Cable Wire Bobbin - Cost breakdown for this component is: 


Wire cable material hl 
Support preparation, bobbin winding and termination 50% 
Other materials 64 


Тһе support structure and special termination bolt аге not considered as part of the above 
component cost. 
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FIGURE 6 MISSILE WIRING HARNESS 


CONTROL CABLE BOBBIN ASSEMBLY 
(NOTE TERMINATION BOLT) . 


TEFLON TUBING COVER 


-0-0-2 


BOBBIN STRUCTURE (REF.) MULTIPLE WIRE CABLE LAYERS 
CROSS SECTION OF WIRE ON BOBBIN 


FIGURE 7 CONTROL CABLE BOBBIN 
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Figure 7 shows the bobbin assembly and cable lay-up. Each bobbin contains over 
1000 meters of three wire cable. Individual wires are nominally .004" in diameter with a 
.0008" Formvar coating. The individual wires аге drawn from special steel not obtainable 
domestically and develop a strength in the500,000 psi range. The wire is successively 
handled by three processors to result in the finished cable. It is apparent that in this 
particular case there is а need for American material and menufacturing technology to make 
available a suitable steel and to process it into cable in the plant of a single manufac- 
turer. In addition there is a need to investigate materials other than steel and insula- 
` tion other than Formvar. Fine drawn aluminum alloy with a larger diameter and an anodized 
finish or possibly beryllium copper with an insulation coating should be investigated. The 
TOW missile has somewhat similar wire requirements. A manufacturing technology project 
proposal is presented as Attachment 3. Š 


Labor connected with bobbin winding is the major cost element in the control cable. 
Essentially the winding is а hand operation wherein an operator must control the cable lay- 
up for its entire length. Lacquer is applied 5 each layer of cable during winding. Ef- 
forts have been made to automate winding and lacquer coating without success. Тһе three 
wire cable is considerably more difficult to wind on а bobbin than is а single wire strand. 
There does not appear to be any directly related or applicable commercial manufacturing . 
technology involving cables made of fine wire aad wound at а small helix angle. The pro- 
ject outlined in Attachment 3 includes automated bobbin winding. 


As regards control link trends, the tendency seems to be to go to lasers. It appears 
that wire controls will continue to be used for some types of weapons where simplicity, 
low cost, and maintainability are prime considerations. Countermeasures considerations 
influence the type of control links chosen. 


Fins - The fins and their mounting represent a relatively insignificant element of 
cost. They are not considered to require any additional manufacturing technology. Ву 
concentrating on design simplicity such parts can always be kept within the bounds of 
existing manufacturing capability. 


Electronics 


Electronic devices represent a large portion of the system cost whenever there is any 
substantial degree of control system sophistication. This condition is true of Dragon 
where Electronic Processors, in the form of the Control System Computer and the Firing 
Control Boards, together account for 49% of System Cost. 


The exceedingly rapid advances in electronic technology is not compatible with ex- 
tended weapon development cycles or with successive years of procurement of designs frozen 
by rigid configuration control and highly detailed design disclosure requirements. Opera- 
tional systems which cannot be changed rapidly enough to keep pace with electronic tech- 
nology advances must retain and maintain out-of-date designs throughout their life span. 
In the case of tactical weapons it appears that there is no acceptable way in which a more 
modern, lower cost electronic package can replace a higher cost obsolete device even when 
envelope size, physical appearance, input/output, operational tolerance limits and reli- 
ability are identical. There is thus no incentive to develop new or adapt existing manu- 
facturing technology to more efficiently build cbsolete designs; neither is there an 
incentive to devise manufacturing technology unless it is clear that it will be approved 
for use in an ongoing program. It is considered important to appreciate this situation 
since it seriously impacts the cost effectiveness and desirability of developing manufac- 
turing technology in the highly fluid area of electronics. Quite obviously logistics 
problems are presented by any change which results in having two or more configurations of 
any weapon operational at the same time. Nevertheless, if hardware costs are to be mini- 
mized, it is necessary to make tradeoffs and make it easier to incorporate worthwhile 
changes which reduce costs. Such changes should be encouraged where interchangeability is 
not a consideration and no field or depot service is required. 
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Control System Computer - Cost breskdown for this component is: 


Parts and discrete components (screened аз required) 517 
Labor: - Assembly, test, inspection 13% 


Тһе test and inspection account for 20% and 14% respectively of the total labor hours re- 
quired to produce this component. 


Figure 8 shows the Control Systems Computer (CSC). This component contains eight 
printed circuit boards, which together use 304 electrical parts and discrete electronic 
components. The unit has a total parts count of 319. Approximately 40% of the parts 
require manual installation. This includes resistor selection and installation for fine 
tuning. This manual installation together with adhesive bonding and encapsulation in 
final assembly are the main labor cost drivers. Relatively few components require hand 
soldering. Wave soldering is used. The manual installation effort presented by this 
assembly could be eliminated or at least reduced if automatic installation equipment were 
available which had considerably greater versatility. Presently, highly versatile equip- 
ment tends to be complex and costly. Very large production runs over a substantial period 
of design stability would be necessary to justify highly versatile, complex, automated 
equipment. Inflexible, nonversatile equipment is undesirable because changes would render 
it obsolete. Adhesive bonding and foam encapsulation are characteristically operations 
which require individual attention and hand work. Avoidance of such work is the only 
solution to their cost impact. This is often impractical. Figure 9 shows the circuit 
boards with the components and terminations for a single CSC. This illustrates the mix 
and the multiplicity of discrete components currently required. 


The test requirements and screening now necessary to attain the specified high reli- 
ability are responsible for the high cost of parts. and discrete components. Dragon pro- 
curement experience indicates that for the present component mix, there is about а 30% 
price increase over and above that of the equivalent commercial item. At the low end ої 
the prize range of parts there is about a 10% increase. At the high end TXV parts bear a 
premium of 40% or more. Actually in electronic components the commercial sales provide 
the production base to permit the economical manufacture of military parts. The premium 


FIGURE 8 CONTROL SYSTEM COMPUTER 
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FIGURE 9 DRAGON CONTROL SYSTEM COMPUTER BOARDS 


paid for military components covers the extra e2fort required to select out the higher 
reliability portion of production. Ап upgrading of uniformity and capability of manu- 
facturing technology is a possible solution. However, it is not deemed desirable if it 
requires ап across-board increase in component cost since the commercial sales base would 
be jeopardized. Ап approach which would upgrade reliability and uniformity without in- 
creasing commercial cost, but which would eliminate need for screening of military com- 
ponents appears to be the only acceptable solution to reduce electronic component cost. 
It seems highly unlikely that this approach is possible. Wo concrete suggestions as to 
what such an effort may entail can be offered. 


The CSC has been studied to reduce componer.t cost end labor using existing electronic 
components and assembly methods. It has been found possible to reduce parts count, manual 
installation and automatic installation effort each by about 70%. A weighted average of 
soldering effort also shows about a 70% reduction. It is concluded that by the application 
of production engineering techniques, substantial inroads may be made on both component 
costs and on assembly costs. Accordingly the need for manufacturing capebility in terms 
of both equipment and manpower has been decreased. 


Firing Control Boards - The cost breakdown for these components of the Control System 
Parts and discrete components (screened as required) 58% 
Labor: - Assembly, test, inspection hog 


Ав presently recorded, test and inspection account for а relatively small percentage of 
the labor cost in comparison to the CSC. 


Figure 10 shows a Firing Control Board (FCB). Six of these boards ere installed in 


each missile. Each board requires 20 hand solder operations to final assemble it to its 
ten rocket motors. The six FCB's represent а total of 228 parts and discrete components 
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FIGURE 10 DRAGON FIRING CONTROL BOARD 


per missile. Approximately 34% of the components require manual installation. This manual 
installation, combined with preparation for and clean up after conformal coating, repre- 
sents the main labor cost drivers. Ко hand soldering is required. Wave soldering is used. 
As noted for the CSC above, the versatile, complex equipment required to avoid manual in- 
stallation of all’types of parts is not considered justified. The FCB's present essen- 
tially the same picture as the CSC described above in that manual component installation 
and prctection with plastic materials are the major labor cost elements. 


The FCB's are also very similar to the CSC in that electronic component costs are 1п- 
creased about 30% by requirements and screening necessary to attain the specified high 
reliability. The same conclusion is reached that an upgrading of component manufacturing 
technology would not be helpful unless it could be accomplished without any cost increase. 


The FCB's have also been studied to reduce component cost and assembly labor using 
existing electronic components and assembly methods. The use of a few standard discrete 
components plus a special integrated circuit makes it possible to reduce parts count by 
about 830, manual installation by over 70% and automatic installation by 90%. Soldering 
effort is essentially unchanged. Like the CSC, it is concluded that a substantial re- 
duction in components and assembly costs may be made by production engineering the design. 
No need for added manufacturing technology is apparent. 


The trend in electronics is to increased use of both standard and special integrated 
circuits. This results in a lower net cost in screening, a simplification of assembly and 
more rugged circuitry. This should reduce the need for manufacturing technology at the 
user level to a possible technology need at the integrated circuit manufacturer level. 
Such need should be presented and solutions proposed by organizations specializing in 
integrated circuit manufacture. It is interesting to note that with increased use of 
integrated circuits there develops з counter trend to increase electronic functions within 
all systems. This counter trend tends to again increase user problems. Reference 1 pre- 
sents trend data resulting from a survey conducted under MICOM contract, 


Specialized/Procured 


This grouping consists of components which are procured from organizations which 
operated in specialized fields. Characteristically there are few organizations competing 
for any one type of specialized component contained in this group. This results in a 
certain amount of industrial ingrowth which tends to inhibit the adoption of novel concepts 
and techniques which would utilize added manufacturing technology. 
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Gyroscope - The cost breakdown percentages vary considerably between producers due to 
differences in their make-or-buy practices. Generally, raw materials, purchased parts, and 
fabrication together account for about 40% of gyro cost. Assembly, checkout and manufac- 
turing support accounts for about 607. 


Figure 11 shows two types of displacement gyroscopes which are currently qualified for 
Dragon missile use. Type 1 is gas powered from a squib actuated bottle. Type 2 is spring 
powered. Each type is relatively costly and represents, as a component, a major system 
cost driver. The Type 1 configuration used on Dragon has a high degree of commality with 
the TOW gyro. 


TYPE 1 GYROSCOPE 


TYPE 11 GYROSCOPE 


FIGURE 11 DRAGON GYROSCOPES 


In developing and qualifying the Dragon gyro, seven different designs and sources 
have been reviewed and six have been flight tested. Two of the designs were funded by 
Manufacturing Methods Technology. While relatively inexpensive in comparison with many 
missile gyros, this component is still considered too costly in relation to the total 
Control System Cost. Admittedly the Dragon gyro must undergo exceedingly severe environ- 
ments. These environments include, but are not limited to, the following conditions which 
are simulated in tests: Missile launch longitudinal acceleration o? 600g for 25 milli- 
seconds, in-flight lateral accelerations due to rocket motors of Og for 20 milliseconds, 
field handling shock loads of 45g for 10 milliseconds, random vibration of 13g at 20 to 
2000 Hz, and coneing tests wherein the gyro axis is rolled through а 20° included cone 
angle for 13 seconds. Temperature range under these conditions without affecting per- 
formance is -40°F to +1}45°F. 
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It appears that three approaches may be undertaken to reduce gyro cost, One is an 
intense production engineering effort to reduce cost of currently qualified gyros ending 
in а requalification of designs. A second is a reassessment of current successful gyro 
concepts with appropriate design and cost analyses to determine which should be least 
costly for the job to be performed. The third is a review of 211 available gyro concepts 
and origination of possible new and novel concepts which may result in low cost designs. 
A gross payoff potential of $4 million to $15 million is estimated to exist for the antici- 
pated life of the Dragon or its immediate derivatives. Attachment 4 presents a project 
proposal aimed at reducing costs through design and the application of manufacturing 
technology. 


Pyro Time Delay Switch - While cost of this component is substantial, the time delay 
switch is not considered a major system cost driver. It is highly reliable in its present 
configuration and does not seem to offer a substantial opportunity for cost reduction ex- 
cept through adoption or redesign of an inherently less costly equivalent. Such an effort 
would probably not pay off. Sources for this type of unit are Limited. 


Missile Battery - Cost breakdown for this component is: 


Purchased parts 217 
Fabrication 28% 
Labor: - Assembly, support, destruct tests 48% 


The Dragon missile battery is shown in Figure 12. This is a thermal battery wherein 
а pyrotechnic paper is interleaved between pellets so that their burning provides heat to 
the pellets. Heat activation of pellets provides electrical energy. The particular power 
requirements ої the Dragon require an 8-1/2 ampere output from the battery. 


FIGURE 12 MISSILE BATTERY 


The chemical constituents of thermal batteries present peculiar procurement and pro- 
cessing problems. The raw materials sources and the extractive chemistry used both seem 
to influence thermal battery performance, This is true for certain of the chemicals used; 
the zirconium-barium mix for the heat paper is an example. The effects of the many vari- 
ables involved in creating a thermal battery are not completely understood. Accordingly 
there is a stated need for basic research, Reference 4. Manufacturing technology is 
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required to develop processing which will епао1е use ої materials from several sources 

: Without adversely affecting the performance of the batteries. This seems to be necessary 
from extraction of material from the ore through the fabrication of heat paper and pellets 
to the final assembly of the container. Product reliability and performance has been 
attained in the past by limiting material and sources to aicombination found to be satis- 
factory. Supply changes are understood to affect the end product, Due to the nature ої 
the constituent materials in a thermal battery, hazards exist in fabrication and assembly. 
These also contribute to cost. 


In line with the above characteristics and problems associated with thermal batteries, 
Attachment 5 offers five actions to improve supplies of materials, both raw and processed, 
and to create a better fundamental understanding of the effects оў processing on the end 
product. As a hedge against unavailability of certain materials it is also proposed that 
government owned facilities be made available for contractor lease if necessary. The іп- 
tent of the project proposed is not to reduce cost so much as it is to assure the avail- 
ability of thermal batteries so essential to a number of missile programs. 


Thermal batteries provide a small package, long storage, dependable source for 
electrical energy. Where such a source is needed, no trend away from them is evident. 
Such a trend could only be created by the development of an alternative power source. 


DRAGON CONTROL SYSTEM COST BREAKDOWN AND POTENTIAL COST REDUCTION 


The Dragon Control System cost breakdown summary is shown in Table III. Due to 
differences in make-or-buy plans, methods of apportioning support costs, plant facilities, 
and varying labor conditions, this type of breakdown is not considered a good basis for 
comparison or analysis. Indeed, changes in facilities, make-or-buy plan and labor con- 
ditions may drastically change cost breakdowns during the life of a given project. 
Accordingly, such cost breakdowns necessarily represent only the situation as it exists 
at a given point in time. Comparisons or analyses between manufacturers cannot safely be 
based on this type of cost breakdown. 


Table ТУ provides а listing of potential ard expected cost reductions for components 
of the Dragon Control System through implementetion of the proposed technology projects 
and incorporation of available technology. Where the projects proposed achieve results 
other than cost reduction, such as solving а material source problem or improving the 
product, this is indicated. 


GENERAL COST DRIVERS INFLUENCING MISSILE SYSTEMS 


One of the. stated objectives of this conference is to, "Identify the major cost ele- 
ments in the production of missile systems." This may be interpreted to allow for the 
discussion of all subjects which unnecessarily escalate hardware costs and life cycle 
costs by adversely impacting design, procurement, and manufacturing. In line with the 
purpose of this conference the major portion of this discussion has centered on identifying 
cost drivers which may indicate a need for improved manufacturing technology for specific 
hardware elements. The following general subjects are briefly presented to identify areas 
where joint military/industry action is felt to be needed if hardware acquisition and life 
cycle costs are to be reduced to an absolute minimum. It is apparent that these areas are 
interrelated and will strongly influence the extent and direction of any effort for in- 
creasing manufacturing technology. 
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TABLE Ш DRAGON CONTROL SYSTEM - COMPONENT COST BREAKDOWN SUMMARY 


PERCENT OF COST /N 


PROCURED MATERIAL | FABRICATION | ASSEMBLY ÁN 


MECHANICAL AND WIRING 


ROCKET MOTORS 
FLAT WIRE 
WIRE BOBBIN 


ELECTRONICS 


CONTROL SYSTEM COMPUTER 
FIRING CONTROL BOARDS 


SFECIALIZED/PROCURED 


GYROSCOPE 
MISSILE BATTERY 


{М INCLUDES APPORTIONED SUPPORT AS APPLICABLE. 
ZX INCLUDES MATERIAL & FABRICATION UNLESS NOTED OTHERWISE. 
У INCLUDES TEST & INSPECTION. 


TABLE ТУ IMPACT OF PROPOSED TECHNOLOGY PROJECTS - DRAGON CONTROL SYSTEM 


OTHER THAN COST RED. 


CONTROL SYSTEM COST REDUCTION - % 
PROCUREMENT 


SYSTEM | COMPONENT 
LEVEL LEVEL 


A 


FAB. & ASSEMBLY ADDED APPLIES | SOLVES 


SAVINGS | TO ОТНЕ | SOURCE | IMPROVES 
YSTEM 
SYSTEM | COMPONENT) POTENTIAL| PROGRAMS| PROBLEM | PRODUCT 


m 


| INSTRUMENTS 
GYROSCOPE © 2,0 10.7 я 
TIME DELAY SW. 5 У 5 


ІШ CONTROL SURFACES 
ROCKET MOTORS (Т) 1.0 6,9 - 
FINS 


М POWER SOURCES 
3ATTERY (5) - - - 


VI DATA PROCESSORS 
COMPUTER - CSC (2.7) 
FIRING ВО$-ЕСВ (0,7) 


VII INTERCONNECTS 
САВГЕ & ВОВВІМ 
FLAT WIRE 


TOTALS 


| GENERAL COST DRIVERS 


PROPOSED PROJECT REF. ATTACHMENT NUMBER. 
PAYOFF COULD RESULT IN COST REDUCTIONS ABOVE THOSE STATED. 
USE OF INTEGRATED CIRCUITS ІЕ APPROVED. NO ADDED TECHNOLOGY REQUIRED. 


<< << 


[> 


~ 
25 
> 
= 

" 
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Inerease Producibility by Design 


The design of any product establishes a minimum attainable menufacturing cost. No 
amount of competition can further reduce this cost. The cost can then be driven down only 
by adopting a simplified, more easily produced design. Design-to-Cost approach recognizes 
that cost considerations must be co-equal with other design parameters. Increased emphasis 
on producibility is essential. 


Reduce Overly Restrictive Requirements and Specifications 


Over the years a great deal of "how" has been written into requirements and specifi- 
cations which should only be concerned with "waat." The "how" requirements prevent all 
disciplines from taking advantage of improvemeats and techniques as they develop.  Further- 
more "how" requirements tend to lock in a company or process or industry to the detriment 
of competition and product improvement. A reversal in restrictiveness is required. See 
Reference 2. 


Minimize Design Disclosure Requirements 


An excessive emphasis on design disclosure results in preparation of data which in- 
evitably locks in a specific design by detailed configuration, processing and methods to 
the end that for all practical purposes it results in single sourcing. This condition 
can be especially damaging to competition in the electronics industry. 


Establish Well Defined Interfaces in Manufacturing Breakdown 


This permits and encourages a modular or package design approach which is amenable to 
essential cost reduction or product improvement changes. This approach permits change 
incorporation with minimum effect on manufacturing and maximum internal quality assurance 
and other controls. 


Increase Multi-Year Frocurement 


This provides for longer, higher quantity production runs which results in minimum 
manufacturing cost and increased ease in meeting schedules. The modular or package design 
approach suggested above permits the incorporation of worthwhile changes without sacri- 
ficing the advantage of continuing production under multi-year procurement. 


Refine and Develop Already Existing Commercial Technologies 


Manufacturing technology and operating methods exist in commercial activities which 
are adaptable to the larger volume missile programs. The potential to use such technology 
is enhanced by avoidance of overly restrictive specifications and by resorting to multi- 
year procurement as outlined above. 


Tailor Reliability to Minimum End Product Requirements 


While product perfection must remain a goal, there is a tendency to establish reli- 
ability requirements which are only attainable at excessive cost. Reliability requirements 
should be tailored to realistic and realizeable levels for each missile system. A reassess- 
ment of end product reliability and individual component reliability will prove productive 
in certain systems. 
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Improved Coatings and Corrosion Proof Steels 


Two of the problems which plague designers seeking to eliminate corrosion are coatings 
which may be applied to assemblies and low cost, formable corrosion proof steels. There is 
a need for a better, thin film, general purpose coating material which may be applied to 
assemblies with assurance that they will adhere, cover joints, and provide protection under 
severe environmental conditions. Application and cure must be simple апа foolproof. There 
із also а need Гог а nonstainless, corrosion proof steel which has the workability of pres- 
ent steels used for fastenings and special hardware. Basic research appears necessary in 
both of these areas. Lack of such materials presents continuing design and maintenance 
problems. 


The foregoing general cost drivers may collectively represent а 6% to 10% burden to 
existing hardware acquisition and life cycle costs. Solution or reduction in their cost 
impact could alone make it possible for the Department of Defense to meet its stated goal 
of an anrual 2% budget increase through 1981. 

REFERENCES 


1. "Mantfacturing Methods and Technology Study Covering Methods for Manufacturing 
Electronic Modules," Final Report July 1971 МЕСОМ Contract ААН-03-11-0006. 


2. "Hybrid Design Manual," by Collins Radio Company 1973. 


3. "Can the U. 8. Afford the Cosmetic Look in Soldered Joints," by J. D. Keller 
Oct. and Nov. 1973 Assembly Engineering. 


4, "Summary Report Concerning Chemicals Essential for Thermal Battery Production," 
22 Aug. 1974 by Eagle-Picher Industries, Joplin, Missouri. 
ATTACHMENTS - TECHNOLOGY PROJECTS 


The five proposed technology projects referenced in the foregoing text appear on the 
following pages. A payback summary for these five projects is provided in Table V. 
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TABLE У PAYBACK SUMMARY - PROPOSED TECHNOLOGY PROJECTS 


TECHNOLOGY ESTIMATED RECURRING NET 
PROJECT EFFORT COST SAVINGS PAYBACK ÁN 
GYROSCOPE #1 - PRODUCIBILITY $ 325,000 $1,500,000 $1,175,000 
ATTACHMENT 4 REDESIGN 
82 - CURRENT CONCEPTS 350,000 3,000,000 2,650,000 
#3 -NEW CONCEPTS (GOAL) (GOAL) 
ROCKET MOTORS #1 -CHANGE MFG. 158,000 1,200,000 1,042,000 
АТТАСНМЕМТ 1 _ METHOD 
НЭ - NEW JOINING 163,000 660,000 457,000 
ВАТТЕВҮ #1 - RESEARCH - NEW 1,530,000 N/A N/A 
ATTACHMENT 5 & IMPROVED MATL.; 
STOCKPILING, ; 
FACILITIES 
CONTROL CABLE #1-DOMESTIC STEEL 270,000 300,000 30,000 
ATTACHMENT 3 & PROCESSING 
#2 - ALTERNATE MATL. 750,000 NWA N/A 
#3 - ALTERNATE FINISH 
44 - AUTOMATE CABLE 345,000 1,000,000 655,000 
WINDING & QUALIFY 
FLAT WIRE #1- IMPROVED MATLS. 140,000 200,000 60,000 
АТТАСНМЕМТ 2 


ДУ = FOR PAYBACK OTHER THAN COST REDUCTION SEE TABLE IV. 
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Attachment 1 
MANUFACTURING TECHNOLOGY PROJECT 


Title; Manufacturing Technology Project to Improve Method of Fabricating and Joining 
Solid Propellant Rocket Motor Case Halves. 


System/Session Area/Component: Dragon/Control/Rocket Motor Chamber. 


Problem: Sixty Dragon rocket motors are used per missile, each consisting of two 7075 16 
aluminum alloy portions which are threaded for joining. Future production is expected to 
require between 6 million and 20 million rocket motors with two parts per motor. The 
igniter cup and nozzle halves of the chamber are screw machined. Approximately 85% of 
the material is reduced to chips in fabrication. The joint between the halves requires 
Close thread tolerances. Joint sealing and leak testing is required after assembly. The 
solid propellant must be installed prior to assembly. Fabrication of the halves and 
method of joining present interrelated problems. 


Proposed Solution: The project would involve two separate but related efforts. The first 
would be the development of dies and tools to stamp and coin 7075 sheet material to result 
in about an 80% material saving. Subsequent heat treatment and secondary machining in 
automatic feed chuckers is not expected to result in distortion. Two joint configurations 
would be produced. One would be threaded and the other nonthreaded. The threaded config- 
uration would permit immediate use of the stamped cups without design change. The second 
effort would cover investigation and development of ultrasonic welding as a means of 
joining the motor halves. Considerable knowledge of ultrasonic welding of aluminum alloys 
with encapsulated propellant and igniter material has been generated by Picatinny Arsenal 
Army contracts. The ultrasonic welding of the rocket motors involves thicker sections 
than have been used previously and may involve heavier duty equipment than is presently 
available. 


Note: Alternatives to ultrasonic welding which deserve consideration are adhesive 

ponding and crimping. Adhesive bonds capable of 10,000 psi shear are required. 

This is about 2000 psi above existing technology. Crimping of thin wall lines as 

now used on hydraulic and other pressure systems is a technology which may be adapted. 
Project Cost and Duration: Estimated costs are as follows: 


Effort 1: Develop stamping and coining dies and tools. 


10,000 sets of stamped and threaded parts $75,000 
Buildup 1,000 preliminary test motors 6,000 
Test and analyze as required 18,000 
Conduct qualification tests 4,000 
Conduct flight verification tests 30,000 
Technical data 25,000 

Total $158,000 
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Attachment 1 
(Continued) 


Effort 2: Develop method of joining halves other than by threads. 
этого с: 


10,000 sets of stamped unthreaded parts $50,000 
Weld (bond or crimp) preliminary “est motors 36,000 
Test and analyze as required 18,000 
Conduct qualification tests 4,000 
Conduct flight verification tests 30,000 
Technical даља -85 000 

Total $163,000 

Total both efforts $321,000 


Estimated duration of project is 24 months. 


Benefits: Benefits to be derived from Effort 1. аге а reduetion in recurring component 
hardware cost estimated at: | 


Raw materlal cost of chamber reduced by 157 
Manufacturing cost of chamber reduced by 25% 


In addition, formed sheet metal provides én improved grain flow as compared to 
machined rod stock and hence improved uniformity of the rocket motor halves. 


Benefits to be derived from Effort 2 if абдед to Effort 1 are: 


Additional manufacturing cost reduction of 16% 
cup and nozzle 


In addition thread sealing is umnecessary, finished motors are sealed hermetically 
prior to next operation, thread inspection is eliminated anc inspection effort reduced. 


Assumptions: The above cost benefits are based on a production of 100,000 missiles after 
change incorporation. The raw material saving alone will be over $1,000,000 per 100,000 
missiles. 


Relation to Other Programs and Trends: Other programs may also be benefitted by Effort 2 
(вопіс welding, adhesive bonding, or crimping). Тһе use of extruded or rolled sheet 
double base, solid propellant is desired for small motors which are required in large 
quantities. Тһе closure of such motors is а general problem which requires а new approach 
where solid propellant is used. 
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Attachment 2 


MANUFACTURING TECHNOLOGY PROJECT 


Title: Manufacturing Technology Project to Provide More Rugged, Delamination Resistant 
Flat Wiring For Ease in Assembly. 


System/Session Area/Component:  Dragon/Control/Flat Wire Harness. 


Problem: Flat wiring having a multiplicity of leads which terminate in soldered joints at 
a number of components presently requires handling care and soldering skill to achieve a 
high quality assembly. While this has not presented any serious problem, improvement is 
considered highly desireable for high rate production. Increased tear resistance is 
desired гог normal production handling and to facilitate three dimensional assembly. 
Soldering without delamination tendency should be improved. 


Proposed Solution: The project would involve the qualification of insulative surfacing 
having high tear resistance. The use of an inherently tough, ductile plastic which is 
reinforced with fibers is suggested. The plastic insulation must be capable of withstand- 
ing over 500°F and preferably over 700°F without burning or appreciably softening. Апу 
adhesives used in laminating the plastic to the copper lead material or to the opposite 
plastic surfacing must not delaminate at 500°F and preferably not at 70098. This will 
require a materials and process development program followed by qualification testing 
including assembly and installation with normal rough handling and normal soldering 
skills. The flat wire must not be harmed by temperature cycling or by exposure to -60?F 
temperatures. 


Project Cost апа Duration: 


Materials review and search $40 ,000 
Fabrication of test cables (2 or 3 types) 25,000 
Preflight qualification tests 20,000 
Flight verification tests 30,000 
Technical data 25,000 

Total $1%0,000 


Estimated duration ої project is 30 months. 


Benefits: More rugged, tougher cable which is easier to solder without damage should руо- 
vide an added measure of reliability in all installations. This effect is difficult to 
assess accurately. However, there appears to be a potential cost reduction in the order 
of $200,000. 


Assumptions: Flat wire cabling use will continue and will increase. Payoff is based on 
100,000 missiles. Missile manufacturers in general have problems in handling and soldering 
flat cable especially when it interconnects а number of components and must be job tailored 
to fit three dimensional assemblies. 


Relation to Other Programs and Trends: Since special configuration flat wire prevents 
wiring errors and reduces weight, continued and increased use will result. The devel- 
opment of cable which is more resistant to shop handling damage and which is more easily 
soldered should benefit all programs. 
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Attachment 3 
MANUFACTURING TECHNOLOGY PROJECT 


Title: Manufacturing Technology Project to Provide Domestic Source for Control Cable Wire 
and Automate Winding of Bobbins 


System/Session Area/Component: Dragon/Control/control Cable and Bobbin. 


Problem: The three-wire cable which forms the sontrol link is wound on an epoxy coated 
cylindrical structure. The steel wires of the table are nominally .004" with a .0008" 
thick Formvar coating. The wire is drawn from special high purity steel which is not 
obtainable domestically. Three domestic specialty wire suppliers are successively in- 
volved in making the cable from the imported steel. The wire must be defect free and 
develop а strength in the order of 500,000 psi. Тһе present coating, even with best 
coating practice, will have occasional small defects which can result in shorting when 
the missile is fired across water. Тһе winding of cable to create the bobbin requires 
operator control throughout. Lacquer is applied to each layer of cable during winding. 
Thus far efforts to automate the operation have been unsuccessful; the three-wire cable 
presents problems not found in winding a single wire strand. The single source for the 
raw material has required a government stockpiling effort. 


Proposed Solution: The project would involve four separate but related efforts. One is 
the development of a domestic source for high purity defect-free steel capable of being 
drawn to the required strength. A second is an investigation into the potential of mate- 
rials other than steel - such as high strength aluminum alloy or beryllium copper alloy. 
The wire material to be used as an alternate would need to develop a strength-weight ratio 
about equal to that of the steel now in use. Тһе third involves the development and manu- 
facture of more suitable coatings to be compatible with whatever wire material is used. 
The fourth is to develop manufacturing capability which will permit the automated winding 
of bobbins using cable made from fine wire. 


. 


Project Cost апа Duration: Estimated costs аге as follows: 


Effort 1: Develop domestic source for steel and processing. 


Search evelopment contract for domestic steel $120,000 
Develop integrated source(s) for draw, coat, strand | | 150,000 
Total $270,000 
Effort 2: Develop alternate to steel wire. 

Concurrent: development of alternate material | 5500,000 

Effort 3: Develop alternate finishes for wire. 
Concurrent development of finish ___$250,000 
Concurrent Total $150,000 
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Attachment 3 


(Continued) 
Effort b: Develop automated bobbin winding. 
Develop machine capable of automatic winding and $250 ,000 
coating bobbin wire 
Qua.ification of domestic source/material 35,000 
Conduct flight verification tests 30,000 


Complete technical data and report 30,000 


Qualification Total $95,000 
Total of all efforts $1,365,000 


Estimated duration of project 15 82 months. 


Benefits: Effort 1 will eliminate dependency on off-shore sources for а key element to 
certain weapon systems. Іп addition, a single integrated manufacturing source should re- 
duce оуег-а11 production time for this type of product and an estimated reduction in re- 
curring cost of cable of about 109. 


Efforts 2 and 3 together provide ап alternate solution to Effort 1 апа an improved 
end product reliability by virtue of ап improvement in insulation. It is doubtful if 
Efforts 1, 2, and 3 may be justifiable on solely economic grounds. Rather they must 
probably be justified on the grounds of souree dependability, end product uniformity, 
апа improved reliability. 


Effort 4 if successfully consummated should enable a reduction in cost to wind bobbins 
by as much as 30% while increasing output and product uniformity. Effort 4 development 
would utilize as & starting point work performed to date in automating bobbin winding. 


А domestic capability to produce the high purity steel needed for control wire should 
have other military and domestic uses. There would appear to be а potential use ав а rein- 
forcement for composites and, in the form of ultra high strength foil, as a ribbon laminate 
for lightweight tubing and pressure vessels. 


. Payoff through integration of wire production should be between $250,000 and $400,000. 
Payoff through automated winding should be in the order of $1,000,000. Avoidance of foreign 
sources through manufacture of suitable domestic steel or by use of alternate materials can- 
not be assigned a dollar value.  Payoffs do not take into account nonrecurring developmental 
or tooling costs. ; 


Assumpticns: It is assumed that there will be а continuing need for wire controlled mis- 
siles for specific missions. Also that there will be a need to develop domestic sources 
to avoid continued stockpiling of foreign steel for wire. Payoffs estimated above are 
based on 100,000 missiles after incorporation of change. 


Relation to Other Programs and Trends: Only one other ongoing Army Missile program uses 
steel control wire. It is not in cable form. The trend appears to be to more sophisti- 
cated systems such as laser control and beam riders. The continued use of wire will depend 
upon military assessment of the comparative advantages of the two systems and their cost 
tradeoffs. 
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Attachment 4 


MANUFACTURING TECHNOLOGY PROJECT 


Title: Manufacturing Technology Project to Develop Gyros More Suited to Low Cost High 
Quantity Production. 


System/Session Area/Component: Dragon/Control/Gyro 


Problem: The gyroscope represents a major cost driver in control systems of missiles and 
especially in tactical weapons. Rigid requirements based on operating conditions combine 
with normal problems inherent in conventional gyro design to result in costly wnits. All 
elements in a gyro tend to be costly because of required precision and reliability. This 
problem exists for all weapons using gyros and tends to be an accepted situation. 


Proposed Solution: The following three actions are considered necessary to insure that 
gyro costs may be reduced in high volume production. 


1. Undertake an intensive producibility engineering effort to reduce fabrication 
and assembly costs peculiar to gyros. This would include attention to bearings, 
gimbals, housings, potentiometers, pick-o2f devices, and joining methods. Precision 
metal working and machining methods involving automation would be used to drive down 
costs. This would be initially undertaken for Dragon and TOW missile gyros due to 
commonality of many elements. 


2. Reassess current successful gyro design concepts and make appropriate design and 
cost analyses to determine which should be least costly for quantity production 
utilizing the best production engineering design and up-to-date production techniques. 


3. Conduct a review of all available gyro concepts and, if possible, develop new 
concepts which may promise to result in successful low cost designs. This is a 
R&D approach aimed at achieving inherent simplicity in the creation or utilization 
of concepts not heretofore successfully developed. 


The above efforts shall be restricted to small gyros to be manufactured in substantial 


quantities. 


Project Cost and Duration: By effort, these are: 


Effort 1 - Producibility Engineering 


Design $120,000 
Lab tests - hardware апа pilot lot 120,000 
Flight verification tests (2 sets) 60,000 
Technical data 25,000 . 
Tctal 325,000 


Estimated duration of this effort is 24 months. 
Effort 2 - Reassessment of current design concepts $100,000 
Effort 3 - Evolve new gyro concepts, reconsider $250,000 


available unusued concepts, feasibility 
test 
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Attachment 8 
(Continued) 


Estimated duration of Efforts 2 and 3 is 18 months, 


Benefits: Effort 1 should result in a reduction in cost of 10% to 15% of manufacturing 


eost or in the area of $1,500,000. Efforts 2 and 3 should have a cost reduction goal of 
$3,000,000 to $4,000,000 in recurring costs. 


Assumptions: The above cost benefits are based on a production of 100,000 missiles after 
change incorporation. 


Relation to Other Programs and Trends: It may be expected that other programs will be 
benefitted by all efforts proposed. Obviously gyros or their equivalents will continue 
to be required. A trend away from gyros is not evident. 
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Attachment 5 
MANUFACTURING TECHNOLOGY PROJECT 


Title: Manufacturing Technology Project - Thermal Battery - Materials and Alternate 
Concepts. 


System/Session Area/Component: Dragon/Control/Missile Battery 


Problem: The Dragon missile battery is required to have an output of 8-1/2 amperes for 
about 14 seconds. It is a thermal battery to provide high reliability, long shelf life, 
and wide operating temperature range. Such batteries generally employ calcium or magne- 
sium anodes, an eutectic mix of potassium and lithium chlorides as the electrolyte, cal- 
cium chromate or vanadium pentoxide as the cathodic material and zirconium-barium chromate 
heat paper or an iron-potassium perchlorate heat pellet as the pyrotechnic. heat source. 
The Dragon requires the zirconium-barium chromate heat paper. Material problems аге pre- 
sented for all thermal batteries. Thermal batteries are used on many missile programs. 
Material problems involve material availability and limitations in sources. In addition, 
the effect on battery performance caused by varying chemical and physical properties is 
not completely understood. There appears to have been a lack of research into the effects 
of processing methods on battery performance. The foregoing is reported in a report dated 
22 August 1974 by Eagle-Picher Industries, Reference 4. 


The use of thermal batteries appears to be restricted to military applications. Only 
one or two organizations appear to produce any one of the various materials used in thermal 
batteries. Since dollar volume is relatively small there is little incentive to spend the 
rather substantial research funds required to attack processing and methods problems. Also 
the advent of OSHA requirements has resulted in the need for companies involved to expend 
relatively large amounts of money to continue to produce the specialized materials required. 
Quite expectably some have opted to discontinue such production. 


Proposed Solution: For the project recommended, Reference Н would attack the problem on 
three fronts. 


1. Collect and correlate data on the effect of chemical and physical properties of 
the various materials on battery performance. 


2. Establish greater know-how in the processing of 811 materials to &chieve greater 
produet control and reproducibility of characteristics among several suppliers. 


3. Stockpiling of materials which are not of domestic origin or in which domestic 
Sources &re limited. 


Two other areas are also recommended: 


4. А basic review of current state-of-the-art and requirements aimed at developing 
new, but not necessarily exotic, methods whereby electricel power may be stored 
and/or generated as а possible alternative to thermal batteries. This would not 
preclude the development of thermal batteries made from materials having much 
better availability and more general industrial usage. 


5. Provide funds to establish government owned facilities which may be leased by 
contractors manufacturing specialized materials. 
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Attachment 5 
(Continued) 


Project Cost and Duration: The unknowns in certain portions of the suggested solutions 
makes it difficult to forecast cost with any great assurance. Тһе following should be 
considered а very rough estimate: 


Collect and correlate data $ 80,000 
Establish additional manufacturing technology 200,000 
Stockpile materials 250,000 
Develop new/simpler energy source 200,000 
Fund facilities 800,000 

Total $1,530,000 


Estimated project duration is 48 months. 
Benefits: Benefits to be derived are: 


1. Elimination of/or reduction in dependence on foreign sources for гам materials, 

2. Increased assurance of uniform chemical and physical uniformity of materials used 
in thermal batteries. 

3. Assurance, by stockpiling, of material availability for ongoing programs. 

h, Possible development of alternative and/or less costly sources for stored 
electrical energy. 

5. Continued availability of facilities for manufacture of the specialized chemicals 
required, 

6. Reduction in danger of curtailment of missile production as a result of accident 
or sabotage affecting one-of-a-kind source. 


Assumpticns: The above is based on a probable continuing need for small package storage 
sources for electrical energy and the criticality of such sources as an integral part of 
a number of missile programs. The cost to consummate the project should not be compared 
to any possible ultimate savings but rather to the alternative if the project is not 
undertaken. 


Relation to Other Programs and Trends: There is a continuing need for small package 
storage sources for electrical energy on many programs. Either the development of thermal 
batteries using heat elements and pellets from more available materials or the development 
of an alternative to thermal batteries would benefit both ongoing and future progrems. It 
appears that lack of manufacturers and manufacturing capability can jeopardize a number of 
weapon systems in the event of an emergency. 
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HELLFIRE MODULAR MISSILE SYSTEM CONTROL SECTION 


J. R. Macaulay 
Missile Systems Division 
Rockwell International 


Columbus, Омо 43216 


АВЗТКАСТ 


A discussion of the HELLFIRE Modular Missile System (HMMS) Control Section is provided in this paper 
and will be presented at the U.S. Army Materiel Command Conference on Missile Manufacturing Technology on 
22—26 September 1975 at Hilton Head Island, South Carolina by J. R. Macaulay. * 


INTRODUCTION 


This paper addresses the HELLFIRE Modular Missile System (HMMS) Control Section, It consists of the 
following elements: | 


* Weapon System General Description 
— Program Status 
— System Characteristics 
— System Elements 
Missile Control System Description 
— Autopilot Assembly 
- Actuation System 
е Cost Breakdowns 
Manufacturing Technology Projects 
Trend Discussion 


WEAPON SYSTEM GENERAL DESCRIPTION 


Program Status 


The HELLFIRE Modular Missile System (HMMS) has undergone an extensive program of feasibility test and 
demonstration supported by engineering model hardware designed and fabricated for that purpose. Development of 
the system has now progressed into Advanced Development (AD) to the degree that second-generation hardware 
elements have been designed, fabricated, and ground tested. The AD program contract contains “Design-to-Cost” 
provisions, thus projections of production phase manufacturing costs significantly influenced the system 
configuration. 


The development programs for the modular missile seekers are contractually separated from that for the 
balance cf the HMMS. Four such seekers are currently under development or feasibility study. The laser seeker is 
currently in the Engineering Development (ED) phase. The modular missile design incorporates form, fit, and 
functional provisions to permit interface with the specified characteristics of all four seekers. 


Preceding page blank 


System Characteristics 


The system characteristics provide the capability to defeat armored vehicles and other point targets. The 
system is configured for effective integration with current ard projected attack helicopters; however, consideration 
has been given to its adaptability to other carriers, both air and ground. High survivability of the system results 
from several characteristics, including adequate standoff ranze, launch-and-leave capability, indirect fire capability, 
and minimal exposute time. Growth potential is assured as a result of the modular missile concept. The system 
characteristics permit each helicopter to carry and employ г load of missiles with a mix of seekers tailored to the 
projected operational scenario. 


The system configuration permits operation in four basic modes, as follows: 


e Semiactive Іазег-А pulse laser beam is trained ол the target from an Airborne Laser Locator 
Designator (ALLD) or Ground Laser Locator Designator (GLLD). The target is then acquired by the 
attack helicopter sensing the reflected laser energy either through use of the Airborne Laser Tracker 
(ALT) or the seeker of a laser missile. A laser seeker equipped missile is then launched and homes on 
the reflected laser energy. The ALLD may be carried by the scout helicopter or the attack helicopter. 
The GLLD is employed by a forward observer. Alternate methods of employment of the semiactive 
laser mode utilize the lock-on-after-launch capability of the system. 


е Passive Radio Frequency/Infrared (RF/IR)—A radio frequency energy emitting target is acquired by 
the attack helicopter sensing the RF energy either through use of the Radio Frequency Target 
Discriminator (RFTD) or the seeker of an RF/IR equipped missile. After launch, the missile homes on 
the RF energy until the terminal phase, whereupon it can switch to the IR homing mode. After 
launch, the missile operation is completely autonomous. 


е Passive Optical Contrast—A target is visually identified by the attack helicopter either directly or by 
reference to the imaging display mounted in the cockpit. The imaging display then provides the basis 

' for designation of the target to an optical contrast equipped missile, After launch, the missile 
operation is completely autonomous. 


е Passive Infrared Imaging—During nish operations, a target is identified using the imaging display. The 
imaging display then provides the basis for designation of the target to a missile equipped with an 
Infrared Imaging Seeker (IRIS). After launch, the missile operation is completely autonomous. 


System Elements 


The HELLFIRE Weapon System is comprised of the major elements identified in Figure 1. The set of system 
elements designated as the HELLFIRE Modular Missile System (НММ5) is contained within an attack helicopter. 
An attack ТЕ замера with а maximum load ої HELLFIRE missiles is shown іп Figure 2. The HMMS elements are 
illustrated in Figure 3 with other primary interfacing elements carried by the helicopter. The cost analyses 
presented later in this paper pertain to only those elements which are a part of the HMMS. 


A typical development model HELLFIRE launcher structure is illustrated in Figure 4. The basic launcher is 
of a tri-rail configuration, permitting transport of three missiles. Both outside rails and associated side arms аге 
removable to permit fit of the launcher and two missiles іп the limited space surrounding the two inside store 
stations on the helicopter wings, as shown.in Figure 4. The primary functions of the launcher are to: 


е Provide structural interface of the missiles with the wing store stations while limiting missile shock and 
vibration exposure to acceptable levels. 


е Provide for safe jettison of the launcher and missiles. 

e Maintain missile attitude deviation within acceptable limits prior to and during launch. 
The primary elements of the launcher structure are: 

e Hardback assembly. 


e Arms. 
е Rails, including missile holdback mechanisms. 
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Figure 2. Attack Helicopter with Full load of Launchers and Missiles 


Typical developmental model HELLFIRE fire control elements are illustrated in Figure 5. The primary 
functions of the fire control elements are to: 


е Provide the pilot with HELLFIRE system indicators/controls necessary to assure helicopter safety and 
assist in aligning the helicopter for missile launch. 


e Provide the gunner with HELLFIRE system indicators/controls necessary to establish the selected 
system operating mode, determine the status of the missiles, transmit data and commands to the 
missiles, and display images and other data transmitted by missiles and interfacing system elements. 


е Automatically perform integration and sequencing logic operations which are secondary to pilot and 
gunner control operations. 


The major elements of the fire control subsystem, from a manufacturing cost standpoint, are the Imaging 
Display and Controller, the Junction Box, and the Automatic Sequencer Unit. 


The HELLFIRE Modular Missile shown in Figure 6 is an assembly of three major sections designated seeker, 
warhead, and airframe and control. 


As previously discussed, seeker modules which use ciffering sensor and signal processing techniques will be 
employed. The common primary functions of all of the seeker modules are to: 


е Sense the target signal and its orientation relative to the attitude of the missile. 


e Process the target signal such as to provide accurate guidance cominands to the missile control 
equipment, 
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Figure 4. HELLFIRE Developmental Launcher 


In addition, some of the seekers have important functions in the search, acquisition, and designation phases 
of the mission. Primary elements of the seeker are: 


е Signal Sensor, including appropriate optics. 
e Attitude/Inertial Sensing Device(s). 

e Electronics. 

е Structure. 


The primary functions of the airframe and control section are to: 


е Provide missile propulsion. 
е Provide aerodynamic stability and control of the missile. 


Primary elements of this section are: 


Airframe Structure and Wings. 

Rocket Motor, 

Autopilot. 

Aerodynamic Control Flaps and Flap Actuator. 
Interconnect Electrical Harnesses. 
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MISSILE CONTROL SYSTEM DESCRIPTION 


The primary control system elements of the HELLFIRE missile are the autopilot assembly and thc actuation 
system. The autopilot consists of the stability and control electronics, programraing logic, built-in test/launch 
sequencing, squib safing electronics, a battery, and two icentical gyros. The autopilot and electrically interfacing 
elements are shown in the block diagram of Figure 7. The 28 VDC battery powers both the control system and the 
scekers. The autopilot clectronics utilizes discrete components mounted on four printed circuit boards. 
Interconnects with other components are made by flat wire harnesses and conventional wire harnesses. The 
structure assembly uses both molded nonmetallic and metal piece parts. 


The gyros are slightly modified versions of a configuration which has been produced in large quantities. 


Figure 8 shows a prototype model of the actuation system. The system consists of driver electronics 
mounted on a single printed wiring board, four pneumatic actuator modules, a gas distribution manifold, and а gas 
supply consisting of a toroidal shaped 8000 psi nitrogen bottle, E and squib to supply pressure at 500 psi to 
the four actuator modules. The actuator system schematic is illustrated in Figure 9. Each actuator module is 
controlled by a solenoid activated by the actuator electronics. А potentiometer is used to sense shaft position and 
fced back a signal to the driver electronics to permit closed-loop operation. A squib is used to release the gas supply 
Rom the bottle at launch. The bottle is toroidal shaped in order to fit the space surrounding the rocket motor 
nozzle, 


The actuator system, exclusive of the pneumatic gas supply, was designed and fabricated by the Missile 
Systems Division of Rockwell International. This actuator is an example of a manufacturing technology project 
wherein maximum use is made of molded composite nonmetallic materials to reduce cost. 
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Figure 7. Modular Missile Autopilot Interfaces 
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Figure 9. Actuation System 


COST BREAKDOWNS 


А cost breakdown for the missile, less seeker and warhead which are identified as СЕН, is presented in Figure 
10. Four elements comprise approximately 73 percent of the cost of this particular missile section. The control 
equipment is defined as the actuation system and accounts for 34 percent, the autopilot electronics for 18 percent, 
the gyros for 10 percent, and the wire harnesses for 11 percent. These four elements naturally become the best 
candidates for cost improvement through manufacturing technology. The elements fit the standard component list 
for the control section. 


'These four standard missile components are depicted in Figure 11 and are aligned into the six requested 
manufacturing cost categories of material, purchased parts, fabrication/processing, assembly, test and inspection, 
and support. An analysis of this breakdown shows that costs vary with respect to specific manufacturing cost 
categories dependent upon manufacturc-purchase decisions. Costs are either directly proportional to the number of 
detail components or directly proportional to the degree of assembly difficulty. 


MANUFACTURING TECHNOLOGY PROJECTS 


Included as Figures 12 through 16 of this paper are five Manufacturing Technology Projects specifically 
related to the previously mentioned four high cost driver elements of the HELLFIRE Modular Missile System 
Control Section. Two of the recommended projects pertain to the actuators, one of which recommends the 
application of a different manufacturing process. The present manufacturing mcthod for the nonmetallic parts of 
the actuator utilizes compression molding of a fibre composite and an epoxy base and a proposed solution suggests 
injection molding with new composite material. This project is estimated to cost $145,000 and take six months and 
result in an additional 15 percent reduction in actuator costs. A project to study other manufacturing techniques 
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Figure 10. HMMS Cost Drivers 
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Figure 11. HMMS Cost Drivers (Continued) 
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SYSTEM/PANEL АВЕА/СОМРОМЕМТ: HELLFIRE/Control/Wire Harnesses 


PROBLEM: Тһе HELLFIRE missile is a high volume, low-cost system with а wire harness that accounts 
for approximately 11% of the total cost. 


PROPOSED SOLUTION: Cost comparisons of other manufacturing technologies, such as automated 
assembly and checkout or the use of flat wires will be made. 


PROJECT COST AND DURATION: This project is estimated to take five months and cost as follows: 


PRODUCTION ENGINEERING $18,400 
COST COMPARISONS 9,200 
QUALITY ASSURANCE 18,400 
SUBTOTAL $46,000 
TRAVEL 1,000 
TOTAL $47,000 


BENEFITS: A reduction in 20% of the wire harness cost is estimated as achievable. 


ASSUMPTIONS: Production rates of 300 units/month for five years will be maintained. 


Figure 12. Manufacturing Technology Project to Provide an Optimized Production Process 
for the HELLFIRE Wire Harness 


for fabricating the pressure bottle and its distribution system is the other. It is recommended that $41,120 be 
expended over a four-month period investigating other manufacturing methods of fabricating the bottle and its 
distribution system with a goal of reducing the costs 15 percent. An autopilot electronics project to standardize 
and reduce number of components and verify need for high-reliability requirements is identified. 


This project to reduce the cost of the HELLFIRE Autopilot Electronics is desired because the autopilot 
electronics constitutes 18 percent of the total HELLFIRE Modular Missile System cost. The proposed solution 
would be to review all components for standardization and high-reliability requirements and to review board test 
methodology. This project is estimated as a three-month effort to cost $68,640 and would result in an estimated 15 
percent reduction in overall autopilot costs. 


A manufacturing technology project to provide less costly gryos is recommended because the two gyros 
constitute 10 percent of the total control section costs. A proposed solution is to investigate other types of gyros 
and perform a survey of gyro suppliers to either reduce requirements or enhance competition to reduce costs. This 
project is estimated to cost $21,520 and last four months, and a goal of 15 percent reduction in gyro costs is 
estimated achievable, 


A manufacturing technology project to provide an optimized production process for the HELLFIRE wire 
harnesses is recommended because the wire harnesses account for 10 percent of the total cost of the control 
section, A proposed solution is to study other manufacturing technologies such as automated assembly and 
checkout or increased use of flat wiring and perform cost comparisons. This project is estimated to take five 
months and cost approximately $47,000. An achievable 20 percent cost reduction ia the cost of wire harnesses is 
estimated. 


These projects are all based on production over a period of five years at a rate of approximately 300 per 
month being maintained. 


98 


SYSTEM/PANEL АВЕА/СОМРОМЕМТ: HELLFI R E/Control/Actuator 


PROBLEM: The HELLFIRE Modular Missile System is a high volume, low-cost system for which the 
four actuators are primary in the control function. The actuators are presently fabricated from a fibre 
composite utilizing an epoxy base. The method of fabrication during development was compression 
molding. Decreased costs may be acquired by another fabrication technique. 


PROPOSED SOLUTION: Other manufacturing technologies, such as injection molding would be 
applied and material changes to other composites would be studied in an attempt to reduce costs. 


PROJECT COST AND DURATION: 
PRODUCTION ENGINEERING $44,160 
COST COMPARISONS 3,680 
MATERIAL AND SUPPLIERS 50,000 
MANUFACTURING TESTING 7,360 
ENGINEERING SUPPORT 28,800 
QUALITY ASSURANCE 11,000 
TOTAL $145,000 
The estimated duration of this project is six months. 


BENEFITS: А reduction of approximately 15% in actuator costs is estimated as achievable. 


ASSUMPTIONS: Production rates of 300 units/month for five years will be maintained. 


Figure 13. Manufacturing Technology Project to Provide an Optimized Production Process 
for the HELLFIRE Actuators 
SYSTEM/PANEL AREA/COMPONENT: HELLFIRE/Control/Actuation System. 


PROBLEM: The HELLFIRE missile actuation system is a gaseous nitrogen system using a toroidal 
bottle pressurized to 8000 psi that is a relatively high-cost system. 


FROPOSED SOLUTION: Several other manufacturing techniques for fabricating the bottle, its 
contents, and its distribution system shall be studied for cost reductions. 


PROJECT COST AND DURATION: This project is estimated at four months and estimated to cost 
as follows: 


PRODUCTION ENGINEERING $14,720 
TOOLING 7,400 
COST COMPARISONS 7,400 
ENGINEERING SUPPORT 9,600 
TOTAL $39,120 
TRAVEL 2,000 
$41,120 


BENEFITS: A reduction of approximately 15% in the actuation system costs is estimated. 


ASSUMPTIONS: Production rates of 300 units/month for five years will be maintained. 


Figure 14, Manufacturing Technology Project to Provide an Optimized Production Process 
for the HELLFIRE Actuation System 
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SYSTEM/PANEL AREA/COMPONENT: HELLFIRE/Control/Autopilot Electronics 


PROBLEM: The autopilot electronics constitute approximately 18% of the HELLFIRE modular 
missile cost. 


PROPOSED SOLUTION: Assuming the present printed circuit board method is the most practical, 
a study shall be undertaken to review all components for standardization, high-reliability requirements 
and board test methodology. ; 


PROJECT COST AND DURATION: This project is estimated as a three-month task and is estimated 
to cost as follows: 


PRODUCTION ENGINEERING $11,040 
ENGINEERING SUPPORT 14,400 
TEST EQUIPMENT ENGINEER 14,400 
RELIABILITY ENGINEER 14,400 
ОЏАШТУ ENGINEER 14,400 

TOTAL $68,640 


BENEFITS: A reduction of 15% in overall autopilot costs is contemplated. 


ASSUMPTIONS: Production rates of 300 units/month for five years will be maintained. 


Figure 15. Manufacturing Technology Project to Reduce the Cost of the HELLFIRE Autopilot Electronics 


SYSTEM/PANEL AREA/COMPONENT: HELLFIRE/Control/Gyro 


PROBLEM: The two gyros in the HELLFIRE Modular Missile System constitute approximately 
10 percent of the HELLFIRE modular missile cost. 


PROPOSED SOLUTION: Investigate other types of gyros and perform a survey of gyro suppliers to 
either reduce requirements or enhance competition to reduce the cost of gyros. 


PROJECT COST AND DURATION: The estimated duration of this project is four months at an 
estimated cost of: 


PRODUCTION ENGINEERING $14,720 
OUALITY ASSURANCE 7,100 й 
ENGINEERING SUPPORT 7,100 
ЗОВТОТАІ 519,520 
TRAVEL 2,000 
TOTAL $21,520 


BENEFITS: A reduction of 15% in gyro costs is an estimated goal. 


ASSUMPTIONS: Production rates of 300 units/month for five years will be maintained. 


Етан ата 


Figure 16, Manufacturing Technology Project to Provide Less Costly Gyros 
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TREND DISCUSSION 


The HELLFIRE Modular Missile System, when used as an example, offers several technologies for 
consideration as futuristic trend setters. New types of materials are always a great potential for cost reductions and 
of special iaterest in missiles is the predicted increased application of nonmetallics and composites. Another trend 
area visualized is the optimization in the degree of miniaturization in missile electronics and the need to solve the 
analog application of LSI. Manufacturing automation may be a glib terminology; however, the efficient utilization 
thereof is definitely considered a trend factor. 


Another trend area that should be opened for discussion is the increasing trend to tighten requirements. A 


good example is the area of high-reliability components in the electronics field. Are they really worth the added 
costs? 
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ЦАМСЕ ROCKET ENGINE ASSEMBLY - PRODUCTION С05Т CATEGORIES 
AND TECHNOLOGY AREAS 


J. E. Erbs 


Rockwell International/Rocketdyne Division 
Canoga Park, California 


ABSTRACT 


A cost study of the liquid-propellant rocket engine assembly currently in production 
for the LANCE missile was made to determine the primary cost drivers and to identify areas 
of manufacturing where improved technology might be beneficial. Cost data for this engine 
are representative of a matured production process where considerable cost reduction and 
learning have been achieved. 


The relative cost contribution was determined for each component and by categories (e.g., 
fabricated parts and purchased parts). Additionally, various types of manufacturing ef- 
forts and the current technologies utilized in LANCE production were categorized in terms 
of their relative share of the overall cost. 


The significant cost drivers of the production LANCE engine assembly were identified, 
and areas of manufacturing technology were reviewed for possible improvements or innova- 
tions that could result in reduced production costs. For the hardware studied, a major 
portion of manufacturing cost is generated by machine cutting operations and the subsequent 
inspection process. A significant part of the raw material/purchased part cost is attrib- 
uted to thermal protection items. These areas, therefore, received concentrated review for 
potential improvement. 


INTRODUCTION 


The rocket engine assembly (Fig. 1) for the Army's surface-to-surface LANCE missile has 
been in production for several years and is representative of a type of missile hardware 
manufactured with contemporary methods and technology. The cost of this engine is probably 
also representative of the high-quality/small-quantity specialized hardware procured for 
Army Missile Systems and is a matter receiving continuing attention by both contractor and 
military management. 


Since its inception, the LANCE engine design was concerned with the objective of mini- 
mizing the production cost. To achieve this end, the number of parts was kept to a mini- 
mum and the maximum use of castings was made to avoid machining costs. Additionally, the 
design was coordinated with Army-directed Industrial Services effort that created produc- 
tion rate tooling and operations planning. Subsequent effort including design changes, 
tooling modification, methodology improvement, and general personnel training has allowed 
production costs to be significantly lowered in spite of the inflationary environment. 


*Work reported herein was sponsored by the United States Army Missile Command, Redstone 
Arsenal under Contract DAAHO1-73-C-0002. 


Preceding page blank 
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Figure 1. LANCE Rocket Engine 


A cost analysis of the current production engine, along with an understanding of the 
fabrication technology іп use, should provide a basis for future со5% projections and Тог 
identification of areas where cost reduction potential exists. The cost information con- 
tained herein has been compiled from data generated in a mature production program that has 
delivered over 1000 engines. 


ENGINE DESCRIPTION 


Refer to Fig. 2 for a general understanding of the LANCE engine operation and the nature 
of the component hardware. The engine is a dual thrust chamber system with the liquid pro- 
pellants (IRFNA апа UDMH) supplied to the injector inlets from the pressurized feed system. 
During the missile boost phase of approximately 6 seconds duration, both thrust chambers 
operate at а 1000-psi pressure level, producing a total thrust of over 46,000 pounds. Dur- 
ing this period, the effective thrust vector is controlled or adjusted by pulsed operation 
of fuel injection valves in the booster nozzle. These thrust vector control (ТҮС) valves ` 
are actuated by electrical signal from the missile guidance system. 


Booster engine cutoff takes place when the normally open propellant valves are re- 
leased by squib-actuated latch pins and closed by propellant pressure. The propellant flow 
to the sustainer remains uninterrupted through internal injector housing passages and a 
thrust of 4400 pounds is maintained until throttling is required. Thrust is controlled 
through a servovalve-actuated, hydraulically (fuel) positioned pintle that varies the fuel 
and oxidizer injection area. The sustainer can throttle to practically zero thrust and 
will operate to 120 seconds duration or longer. Both chambers are protected from the high- 
temperature combustion environment by ablative lining and a silicon-carbide throat insert 
in the case of the sustainer. 


The engine boost phase thrust level and mixture ratio are set in the manufacturing 
cycle during a water-calibration operation by adjustment of orifice and valve settings. 
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Figure 2. LANCE Engine Components 


The sustainer injector assembly is set to operate within a specified mixture ratio band 
over the entire throttle range. No hot-fire test is conducted on the LANCE engine before 
delivery. 


PRODUCTION COST CATEGORIES 


The unit production cost for the LANCE engine assembly is distributed across the com- 
ponents as shown in Table 1 and Fig. 3. Each component cost is expressed in percent of 
the total engine cost and includes the appropriate share of overhead, mortality, etc. 
Production support costs not readily identified 


to a given component have been prorated across Table 1. LANCE Rocket Engine Component 
all components and аге included in the cost Cost Distribution 
distribution. 
5 . Component Percent 
More than half of the engine cost is concen- 
trated in the injector and two thrust chambers. Actuators 
The core, which is the fuel injector for the sus- Servoval ve 
5 ñ 5 М БА Ж > Thrust Vector Control Valves 
tainer engine, is a significant item in terms of дамаў помах 
cost Тог а single component. Тһе baffles (four гад 38$ : 
. . ЕРЕ njector . 
per engine) are also а significant component cost. Booster Thrust Chamber -7 
Sustainer Thrust Chamber we 
For each component listed, the cost was fur- ruis P 
ther analyzed into cost categories (Table 2), Other Rocket Engine Components 18 
where the values аге іп percent of total engine Fitters З 
: - а 8 eats . 
cost. Тһе distribution of cost in each category вино аны НЕСИЕ | 
by component is shown іп Table 3. Table 4 үе- Engine 3 
flects the cost distribution of each component Miscellaneous 0 
across the several cost categories. Tetal Components 
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Figure 3. LANCE Engine Component.Costs 


Table 2. LANCE Rocket Engine Cost Distribution 
(% of Total Engine System Cost) 


Cost Categories, percent* 


Fabrication 
Purchased and Test and Component 
Major Components Material Parts Processing | Assembly | Inspection | Support Total 


Actuators 


Servovalve ЗА 0 
Thrust Vector Contre] Valves 5. 0. 


Control Surfaçes 


Injector 2.6 2.7 19.9 
Booster Thrust Chamber 0.8 3,3 23.7 
Sustainer Thrust Chamber Й 0.9 2.0 18.7 
Baffles . - и 0.2 0.7 5,0 
Соге . B А 1.2 1.2 9.4 
Other Rocket Engine Components 0.1 0.5 2.8 
Filters 0.1 0.1 0.9 
Seals == == 0.1 
Fasteners, Lines, and Fittings ç 0.1 0.3 1.9 
Engine E 3.8 1.3 9.3 
Miscellaneous . : : 0.3 0.4 3.0 
Cost Category Total - 25. z . 0.3 


*Percent of total engine system cost 


Table 3. LANCE Rocket Engine Cost Distribution 
(2 of Respective Cost Category 


Cost Categories, percent” 


Fabrication 
Purchased and 
Parts Processing 


2 Те5 апа 
Assembly | Inspection 


Major Components Material 


Actuators 


Servovalve 
Thrust Vector Control Valves 


Control Surfaces 
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Injector 
Booster Thrust Chamber 
Sustalner Thrust Chamber 
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*Percent of respective cost category 
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Table 4. LANCE Rocket Engine Cost Distribution 
(% of Respective Component Cost) 


Cost Categories, percent* 


Fabrication Cost 
Purchased and Test and Cateqory 
Material Parts Processing | Assembly | Inspection | Support Total 


Major Components 


Actuators 


Servovalve 
Thrust Vector Control Valves 


ws 
w 
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Control Surfaces 


Injector 
Booster Thrust Chamber 
Sustainer Thrust Chamber 
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Core 
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Fasteners, Lines, and Fittings 
Engine 
Miscellaneous 
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*Percent of respective cost category 


A more-detailed breakdown of the fabrication processing and assembly cost is shown in 
Table 5, where it can be seen that the machining operation is the major source of labor ex- 
penditure within manufacturing. Although the ablative machining and impingement drilling 


(injection orifice drilling) are conventional, they are listed separately in view of the 
special tooling involved. 


Purchased items for the LANCE Бан ши. bri Engine ын а 
engine are summarized іп Table 6. арыны REOCESS TAJ ang. mese 


Purchased parts are defined as those pe 


. А 2 : егсеп # То 
purchased items identified Бу part Fabricacion лан | Ран т 
number that are used in the assembly Category and Assembly Engine System Cost 
without further manufacturing effort, | наснаа 
. : : асаў се 
Тһе test and inspection cost is Electrochemical 

1 2 Ablati 
further detailed in Table 7. The mpi ngenent.Orrfl 
calibration and leak test item con- 
tains manufacturing effort only. Assembly | 
Total product inspection activity Tie Weld, Electron Beam Weld and Clean 
is listed as Quality Control. Chemical Etch and Forming 


Paint and Cure 


Total 


Figure 4 is a composite chart 
showing the primary and secondary 
cost categories contributing to the total engine cost. 


Table 6. LANCE Rocket Engine Cost Table 7. LANCE Rocket Engine Cost 
Distribution. Distribution 
(Ван Material and Purchased Parts) (Test and Inspection) 


Percent of Total 
Raw Material and Percent of Tota! Percent of Тота! Percent of Total 
Category Purchased Parts Engine System Cost Category Test and Inspection | Engine System Cost 
Castings 16.3 Source and Receiving Inspection 19.5 
Forgings 18.8 Quality Control $5.2 
Ablative Tape 25.1 Calibration and Leak Test 15.8 
Purchased Parts 39.8 Тоса1 100.0 
Total 100.0 


Of the six cost categories making ир the engine cost, їмо categories (Material and 
Fabrication and Processing) account for 55 percent of the total. Ninety-five percent of 
this, or 52.5 percent of the total engine cost, is attributable to five components (i.e., 
injector, booster chamber, sustainer chamber, baffles, and core). These components, there- 
fore, can be considered the major cost drivers for the LANCE engine assembly. 
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Figure 4. 


LANCE Engine Cost Categories 


ANALYSIS OF LANCE ENGINE COST DRIVERS 


Booster Thrust Chamber 


Material procurement for the booster thrust chamber, which amounts to 12.6 percent of 


the engine assembly cost, is made up of a maraging 250 steel forging (7.1 percent) and 


resin-impregnated silica and quartz woven material (5.5 percent). 


tional cost distribution data for the booster 
thrust chamber component. 


The forging cost is dictated by the raw 
material cost of the maraging steel and the 
especially developed forging technique of 
one supplier that produces the necessary 
metallurgical properties and contains a mini- 
mum amount of material over that required 
for the final machined part. A key element 
of the component design, and therefore a com- 
pounding requirement of the forging, is the 
presence of pads in the nozzle area for the 
subsequent attachment of the TVC valves. 
Early attempts to spin the shell and then 
weld on mounting pads were unsatisfactory. 

A potential cost reduction of this forging 
exists by changing the material to 4340 steel, 
which is significantly lower in cost than the 
maraging 250. A design change of this nature 
appears feasible and has been recommended. 


Table 8. 


Assembly Cost Distribution 


Percent of Total 
Engine System Cost 


Cost Category 


Material 


Shell Forging 
Ablative Materials 


Purchased Parts 
Fabrication and Processing 


Machining 
Ablative 
Conventional 
Numerical Contro! 

Assembly 

Paint and Cure 

Ablative Wrapping 


Assembly 

Test and Inspection 
Support 

Total 


Table 8 provides addi- 
LANCE Booster Thrust Chamber 


No new technology is involved and consideration need only be given to the need for design 
change verification tests, implementation costs, and procurement breakeven points for the 
LANCE project. "А cost reduction of approximately 2 percent of the total engine cost 15 
anticipated. 
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Маспіпіпа operations on the booster shell account Тог 3.8 percent of the engine cost. 
Internal and external diameters are generated on conventional machines using tracer attach- 
ments. А numerical-control (М/С), five-axis mill is used to perform the cutting operations 
at and between the ТҮС pads on the chamber nozzle. А multispindle drill is used to simul- 
taneously bore all 24 bolt holes in the chamber flange. No significant technology improve- 
ment in machining operations appears applicable to this production task. Figure 5 shows 
the booster shell in the "as-forged" conditions and after machining. 


Figure 5. Booster Chamber Shell 


The total cost of ablative material and its subsequent fabrication into the thermal 
protection liner for the 
booster chamber consumes 
8.3 percent of the total 
engine cost. The thermal 
and erosion properties 
of the silica material 
and the higher melting 
temperature quartz are 
well known and their 
performance has been 
more than satisfactory 
in the LANCE engine. 

The materials are high 
in cost, and the tape 
wrapping, machining, and 
curing operations are.a 
slow and costly produc- 
tion process (Fig. 6). 
The potential cost sav- 
ing accruing from use of 
a cast-in-place therma] 
protection liner is most 
attractive but engineering 


Figure 6. Booster Chamber Ablative Wrapping 
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application data are needed before such а material change could Бе considered. А technology 
effort (as described later) could be most beneficial to cost reduction. 


Injector 


The Tens-50 aluminum alloy injector casting serves as the basic structural member of 
the engine and contains all the internal propellant manifolding for the booster and sus- 
tainer. This casting required considerable development, and is recognized as an accomplish- 
ment in the state of the art. Although costing 6.4 percent of the engine total, the use of 
this casting provides the most economical means of fabricating the injector. 


The manufacturing effort applied to the casting (8.1 percent of engine cost) consists 
primarily of machining operations (i.e., turning, milling, and boring). Мапу of the opera- 
tions are sequentially accomplished on М/С machines. Drilling of the 960 propellant injec- 
tion holes (Fig. 7 and 8) іп the booster injector face is performed with specially designed 
automatic tooling. Additional manufacturing operations include TIG and electron-beam 
welding. 


Figure 7. Injector Drilling 


Currently employed casting and machining techniques are economically appropriate to the 
design and production quantities required. Increased production rates may justify some 
changes in methodology for cost reduction. Ағ this time, no new technology items would 
appear to offer improvements in LANCE injector manufacturing. 


Table 9 provides additional cost distribution detail for the injector component. 


Sustainer Thrust Chamber 
The major portion of material and manufacturing effort devoted to the sustainer cham- 


ber (Fig. 9) is associated with the thermal protection on both the interior and exterior 
surfaces. Тһе primary inner liner element consists of angled laminates of high silica 
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Table 9. LANCE Rocket Engine Injector 
Cost Distribution 


Percent of Total 
Cost Category Engine System Cost 


Material 6.5 
Body Casting (6.4) 
Ring Casting and Center Post (0.1) 
Purchased Parts зЗ 
Fabrication and Processing 8.1 
Machining (6.1) 
Conventional (3.9) 
Numerical Control (1.6) 
Impingement Orilling (0.6) 
Welding (0.9) 
TIG (0.7) 
Electron Beam (0.2) 
Chemical Etch (0.5) 
Paint and Cure 
Clean 
Assembly 


Test and Inspection 


Support 
Tota] 


Figure 8, Injection Pattern 


material (Fig. 10) with an insert of silicon 
carbide to resist the highly erosive throat 
environment. The forward portion contains 
tuned cavities as a combustion stabilizing 
device. The exterior portion, made up of 
angle wrap silica and quartz tape, serves as 
the inner surface for the annular booster 
engine. 


Consideration of a castable ablative 
material for thermal protection for other 
than the throat areas would present a signi- 
ficant cost reduction potential for the 
LANCE engine. Retention of the silicon 
carbide throat insert and a suitable backup 
for this throat, along with the conventional 
silica (or quartz) for the booster throat, 
would allow a castable ablative to reduce 
the cost of the system by approximately 4,3 
percent. 


The technology: effort for consideration 
of alternate materials is described later as 
a recommended project. 


Table 10 provides additional cost dis- 
tribution data for the sustainer thrust 
chamber component. 


Figure 9. Sustainer Thrust Chamber 
Combustion Chamber Baffles 


The LANCE booster engine is separated into four combustion zones by ablative-covered 
cast baffles (Fig. 11). These baffles adjust the acoustic characteristics of the combustion 
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Figure 10. Sustainer Liner Elements 


zone in a manner that eliminates or controls 


combustion oscillations. They аге а sta- 
bilizing device commonly used in large, 
liquid-propellant rocket engines. 


To withstand the high-temperature com- 
bustion environment, the cast and machined 
baffles are covered with layers of high 
silica cloth impregnated with resin. Mate- 
rial cost is high, and the manufacturing 
technique is mostly restricted to hand lay- 
up as the more economical means for the 
production quantities involved. Total 
cost of these four baffles is 5 percent of 
the engine cost. Again, a significant 
cost reduction of 1.6 percent of engine 
cost is possible if the current laminated 
thermal protection could be replaced by a 
cast or molded ablative material. Techni- 
cal data are required, however, before such 


a design change could be implemented in the- 


LANCE system. 


Table 10. 


Assembly Cost Distribution 


Percent of Total 
Engine System Cost 


Cost Category 


Material 
Shell Forging 
Ablative Materials 
Purchased Parts 


Nozzle and Cap 
Throat Insert’ 


Fabrication and Processing 


Machining 
Ablative 
Conventional 

Ablative Wrapping 

Assembly 

Paint and Cure 


Assembly 
Test and inspection 
Support 

Total 


Table 11 provides additional cost distribution data for the baffle components. 


LANCE Sustainer Thrust Chamber 


Sustainer Fuel Injector Core 


The center element of the sustainer injector provides fuel manifolding and injection 
capability. The current Inconel 718.design is fabricated from two forged pieces, each of 
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Figure 11. Baffle Components 


which has been extensively machined апа sub- 
sequently welded together, bringing the total 
cost to 9.4 percent of the engine. The core 
assembly, including an ablative shield, is 
shown in Fig. 12. 


A lower cost part could be obtained with 
a design change to a casting that would in- 
clude the internal fuel passages. Attempts 
to pursue this in the early phases of the 
program, and also more recently, have pointed 
out that casting consistency with regard to 
a porosity-free condition is not sufficient 
to commit a design to production. 


Table 11. 


LANCE Rocket Engine Baffles 


Cost Distribution 


Cost Category 


Percent of Total 
Engine System Cost 


Materia] 


Core Castings 
Ablative Components 


Purchased Parts 


Fabrication and Processing 


Machining 
Conventional 
Ablative 

Ablative Wrapping 


Assembly 
Test and Inspection 
Support 

Total 


1.0 


(0.8) 
(0.6) 


3.1 


Figure 12. Sustainer Fuel Core апа Ablative Shield 
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А reduction of approximately 0.8 percent of the engine cost has been estimated if а 
casting would be obtained and thereby eliminate the welding and a considerable amount of 
machining including some electrochemical machining. 


Table 12 provides additional cost distribution data for the core component. 


Thermal Protection (Ablative Cooling) 


As indicated in the discussion of three of the high cost components, the ablative mate- 
rial, purchased parts, and fabrication associated with thermal protection are significant 
cost factors in the LANCE engine of over 23 percent of the engine cost. The distribution 
of these costs across several components is shown in Table 13. 


Table 12. LANCE Engine Core Table 13. LANCE Thermal Protection 
Cost Distribution Cost Distribution 


Percent of Total 
Cost Category Engine System Cost 


Percent of Total 


Cost Category Engine System Cost 


Material 1,0 Material 9.9 


(Abtative Tape and 
Related Raw Materials) 


Purchased Parts 4.6 


Core, Ring, and Cap Forgings 
Pintle Casting 
Purchased Parts 
Shield (Throat Insert, Sustainer Nozzle 
and Cap, Core Shield) 


Fabrication and Processing 


Fabrication and Processing 


Machining 
Conventional 
Electron Beam 

Paint and Cure 

TIG Weld and Clean 


Assembly 


Ablative Machining 
Ablative Wrapping 
Assembly 

Test and Inspection 
Test and Inspection Support 
Total 


Support 
Total 


The total recurring cost reduction envisioned by utilizing a cast-in-place ablative. 
material in appropriate zones of the key components could be as high as 8.8 percent of en- 
gine cost. This payoff potential is worth pursuing. 


MANUFACTURING TECHNOLOGY 


Machining Operations (Metal Removal) 


The nature of the LANCE engine design is primarily an assembly of cast and forged parts 
and the overall machining or material removal operations make up a significant part of the 
system cost. Ав shown in Table 6, machining accounts for 58.4 percent of the fabrication, 
processing, and assembly cost and amounts to 19.3 percent of the total engine cost. 


It would appear that machining operations would be a most productive area for cost re- 
duction pursuit and for other possible benefits of new technology. 1% should be pointed 
оці, however, that current LANCE machining methods make effective use of existing tech- 
nology where applicable (e.g., numerical-control (N/C) machines, special tooling, and 
electrochemical machining. Continual updating and improvement of the machines and methods 
take place as economic payoffs are indicated. Examples of recent improvements include in- 
corporation of,solid-state М/С machine controls, consideration of torque sensing contro] 
systems, and use of new cutter materials and cutting fluids. Implementation of these fea- 
tures are generally helpful but are not a significant factor to LANCE costs. Additional or 
alternative machining techniques or even major machine shop layout variations specificaily 
for LANCE operations could offer improved cost effectivity over current methods but the im- 
plementation costs would not be justified for the production quantities ог periods 
experienced. 
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Castings 


The economic advantage of using castings for parts containing internal passages or to 
minimize machining operations is readily apparent. The LANCE engine design has attempted 
to achieve this. Nine primary parts of the engine that are cast include: 


@ The complex injector casting (Tens-50 aluminum) 

е Two booster valves (Tens-50 aluminum) 

е Four baffle cores (347 stainless steel) 

@ The sustainer throttling device, pintle (347 stainless steel) 
Ф The oxidizer inlet element (titanium) 


The overall production experience with these parts has been good, but there are defects 
of the blow-hole and porosity type that impact scrap and rework costs not only at the 
foundry level but at later stages of the manufacturing process. The exact value of this 
impact is difficult to estimate but it is not insignificant. Although the nature of the 
defect is considered "inherent to the process," it would seem that some technical effort 
devoted to the subject could produce a better understanding and hopefully a lower scrap and 
rework cost. Additionally, an improved casting technology might enable other parts, such 
as the LANCE sustainer fuel core, to be successfully cast, and thereby achieve increased 
cost reduction. 


TECHNOLOGY PROJECTS 


The identification and evaluation of cost drivers for the LANCE rocket engine as pre- 
sented in the previous section points out that the highest cost element is the procurement 
and fabrication of high-silica-reinforced phenolic laminates for thrust chamber thermal 
protection. The raw material cost and the labor hours involved in processing are each 
dominant factors in the overall cost. 


The proposed technology effort is primarily to gain engineering data regarding ablation 
rate of the proposed castable material in high-pressure, high-heat-flux engines such as 
LANCE. The experience currently available from the LANCE use of the castable ablative as 
a baffle fillet is promising although limited because of its narrow zone of exposure in the 
combustion zone. 


Application of this material to LANCE could result in an engine cost reduction of 8 
percent. Also, application of the material to other rocket engines in various missiles is 
obvious and cost effective. 


Ап additional technology project is proposed as a generally beneficial effort whose re- 
sults would be applicable not only to LANCE but to other programs. This effort would at- 
tempt to improve the state of the art in the casting industry by applying existing heat 
transfer analysis to the cooling process and developing improved methods of controlling 
the cooling rate. The achievement of proper chilling of a casting could eliminate a good 
deal of casting defects such as porosity due to shrinkage or entrapped air. Additionally, 
a better controlled cooling process could produce higher material properties and enable 
more complex and thinner wall castings to be fabricated. 


TRENDS 


The design, development, and production of the LANCE rocket engine in today's environ- 
ment has presented problems different than if the task had been approached in an earlier 
time frame. Similarly, the problems or areas of concern to be encountered by other hard- 
ware programs in a future period perhaps will differ from that of today. 


Тһе overall trend regarding inflation, energy, and гам material supply аге widely 
recognized as they generally impact the total economy. Additional trends are perhaps more 
specifically of concern to the aerospace manfuacturing industry. Two trends that can im- 
pact future costs are noted below: 


е Foundry Closings in the United States have reached high numbers in the past several 
years resulting in a reduced procurement base although the demand for castings has 
increased. The reduced number of foundries, both capable of and willing to accept 

· aerospace requirements, has impacted procurement schedule and cost. 


е A Shortage of Trained Machinists and tool and die makers is a current problem, at 
Teast in some geographic areas. The problem is further compounded by an increasing 
need for competent operators for numerically controlled machines and the fact that 


little exists in the way of training programs. 
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TECHNOLOGY PROJECT SUMMARY 
Title: Castable Ablative Evaluation for Rocket Engine Components 


System/panelarea/component: LANCE missile/control panel/thrust chamber liner and 
baffles. 


Problem: Current ablative liners and baffle coverings in both the booster and sustainer 
LANCE thrust chambers are fabricated from high-silica or quartz-fabric-reinforced phenolic 
laminates. The processes involved in the fabrication of the various components involve tape 
wrapping or preforms, followed by machining of the preforms, assembly of the preforms into 
a shell, and a pressure cure in an oven; molding of billets in a compression molding die and 
a press cure; a high lay-up procedure followed by an autoclave cure; ar a tape-wrapped pre- 
form followed by an overwrap and an oven cure to obtain the basic parts that must then be 
final machined to print dimensions. The processing requires: (1) losses of the basic mate- 
rial of up to 50 percent for the tape-wrapped parts with lesser but significant losses for 
the other parts; (2) considerable fabrication labor hours and machine time; and (3) a large 
amount of inspection time for monitoring the processing and inspection of the final machined 
parts. 


Substitution of this high-cost material and process with a castable ablative material, 
except in very high erosion rate areas, would significantly reduce engine cost. The prob- 
lem is that insufficient engineering data currently exists to predict ablation rates of 
this material in a high-pressure, high-heat-flux rocket engine such as LANCE. 


· Proposed solution: `The proposed project would involve fabrication and hot-fire evalua- 
tion of CANCE sustainer thrust chambers modified to incorporate MIS-13389 castable ablative 
in the combustion zone for the purpose of defining fabrication techniques and thermal dur- 
ability. Experience with this material in the LANCE booster thrust chamber for baffle 
fillets and its evaluation in the low-pressure Minimum Cost Design Booster Program con- 
ducted by the Air Force Rocket Propulsion Laboratory, EAFB, California, indicates this 
material can adequately perform as an ablative in liquid-propellant rocket engines where 

it is not exposed to very high shear forces in the exhaust as may be encountered in the 
throat. 


This evaluation would involve a design effort to adapt thrust chamber shells to a 
castable ablative design, a modification of the present thrust chamber design to use the 
cast ablative, the fabrication of tooling for the casting of the ablative to net dimensions, 
the production of test hardware, and the hot firing of thrust chambers for the evaluation 
of the ablative material for the selected applications. | 


This effort, as proposed, is a technology project only and does not implement the anti- 
cipated design benefits into the LANCE system. The sustainer chamber is used as the test 
device since it can be tested cheaper and simpler than the booster. Upon completion of 
the effort, any design change to the LANCE system, fabrication, and verification testing 
would be proposed and funded separately. 


Project cost and duration: Estimated costs are: 


Test item design $ 8,000 
Tooling design and fabrication 12,000 
Fabrication of test units 65,000 
Hot-Fire testing 94,000 
Engineering support and reports 25,000 


Total $204,000 


Estimated duration of the project is 12 months. 
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Benefits: Тһе benefits expected from this project are sufficient technical justifica- 
tion to propose a reduction in LANCE engine recurring hardware costs. These reductions are 
estimated to be: 


Reduction in material costs 40 percent of ablative costs, 4 percent of engine 
cost 

Reduction in labor costs 75 percent for ablative combonents labor costs, 
4 percent of engine cost 

‘Net reduction 8 percent of engine cost 


It is roughly estimated that the nonrecurring cost of the proposed technology project 
plus the fabrication cost of 12 complete LANCE engines for qualification test purposes 
could be offset by the recurring cost savings accruing from approximately 400 engines in- 
corporating the design change. No estimate has been made of the qualification test cost. 


Significant added benefits not estimated at this time would be the transfer of this 
concept to other missile programs as the data generated could be directly applied to other 
rocket engines and would serve as a basis for an evaluation of this material іп solid- 
propellant rocket motor ablative applications. 


Assumptions: The performance noted for the castable material in the application pre- 
viously stated is assumed to be a reasonable approximation of the performance of the mate- 
rial if applied to other portions of the thrust chamber liner in the LANCE booster thrust 
chamber and in the LANCE sustainer thrust chamber, It is also assumed that large portions 
of the ablative liners may be cast with the same ease as is now experienced for baffle 
fillets using low-cost tooling. 


It is believed that the castable material will also provide much greater fabrication 
tolerances for the processing with a significant reduction in quality assurance labor 
needed to ensure that proper cure schedules are met and to provide dimension inspections. 
Once the proper tooling has been provided, it is assumed that dimensions can be met by 
the casting process. 


TECHNOLOGY PROJECT SUMMARY 


Title: Manufacturing Technology Project to Develop a Method for Positive Control 
of Heat Flow During Casting of Metal Parts 


System/panel area/component: LANCE missile/control panel/castings 


Problem: The LANCE engine uses some parts fabricated by more expensive methods than 
casting because of problems with casting defects and low properties. Other parts, notably 
the Tens-50 injector, are cast but costs are increased by defects which are unavoidable 
within the present state of the art. The reasons for defects in castings and for low prop- 
erties in relatively sound material are well known. Most are related to heat flow from the 
material. Misruns, for example, are due to loss of heat before complete filling of the 
mold. Much dross, entrapped air, and core breakage are due to rapid pouring required to 
present misruns. The fine microstructure associated with good properties requires rapid 
heat loss during solidification, and the prevention of shrinkage defects requires that 
solidification. should proceed in a highly directional fashion to the risers. Any one of 
these three requirements--a minumum 1055 of heat, a maximum 1055 of heat, or directionally 
progressing loss--can be obtained with present casting methods by the use of insulation 
or chills. The problem is that no method exists for the complete control of heat necessary 
to satisfy all three requirements. 


Proposed Solution: The proposed effort would employ the necessary thermal analysis 
and attempt to develop a process using insulation and high mold temperatures so that pour- 
ing could proceed slowly without turbulence or misruns. After the mold is filled, heat 
would be extracted rapidly from selected areas by activating chills. Since the rate of 
solidification drops with distance from a chill, a series of chills would be placed at 
appropriate distances and activated in sequence to maintain a minimum acceptable solidifica- 
tion to proceed to the risers. ІҒ necessary, heaters would be employed to prevent any 
solidification out of sequence which is the cause of shrinkage defects. 


To make the above possible, it will be necessary to analyze and develop chills which 
are thermally insulating until activated. This should be possible by using manifolds of 
thin high-temperature metal with a thin ceramic coating at the liquid metal surface. The 
manifolds would be utilized to transfer heat from the liquid metal at the precise time 
desired. One method would be to connect each manifold to metal tubing through which а 
suitable liquid, gas, or granular solids motivated by low pressure air, could be moved to 
extract heat. Тһе use of water as a cooling fluid is to be avoided wherever possible be- 
cause of the inherent safety hazard in a foundry environment. Other methods will be 
studied for a practical way of suddenly causing heat to flow through the thin insulator. 
One could be the use of a removable reflector between the thin manifold and a massive chill. 
Both surfaces would be coated to optimize heat transfer by radiation when the reflector is 
withdrawn. А similar method could link the manifold and chill with a liquid to permit 
transfer by conduction. 


Project cost and duration: Estimated costs are: 
Theoretical evaluation of chill materials and design $ 50,000 


Chill construction 25,000 
Casting fabrication and evaluation 75,000 


Total “150,000 


Estimated duration of the project is 18 months. 
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Benefits: Тһе specific output derived from this technology effort would Бе іп the form 
of demonstrated control of casting cooling. The techniques and technology employed would 
be made available to the industry for general application. 


This application of existing heat transfer technology to the casting process and the 
development of advanced methods of cooling would provide a basis for improvement in casting 
quality and a step forward іп the practicality of more complex castings. In general, the 
methods developed would allow use of castings in many other designs that cannot presently 
be cast because of thin sections, low properties or occurrence of defects. Savings would 
also be made by reducing rejections and repairs in present casting designs. 
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LOW COST MISSILE CONTROLS 


Н. L. PODELL 


Aeronutronic Division of 
Aeronutronic Ford Corporation 


Newport Beach, California 92663 


Controls, as referred to in this presentation, perform the steering function on a 
guided missile. They comprise an energy source, electrically controlled valving, actuators, 
linkage, and an electronic converter. The energy source provides the power which is 
directed by the controls, the valving regulates the direction and rate of application, the 
actuators provide the force to perform the steering function, and the linkage connects the 
actuators to the fins or nozzle being moved. The electronic converter takes low level апа- 
log signals from the autopilot and converts them to higher power valve commands. Іп а 
typical missile system the cost of the controls will make up 25 percent to 50 percent of 
the total missile control system cost. 


DESCRIPTION 


Warm Gas Powered Controls 


The schematic of Figure 1 shows a warm gas powered control system, typical of mecha- 
nizations currently under development at Aeronutronic, Such systems offer the user the 
advantages of small size and weight and potentially the lowest unit cost. А secondary 
system cost advantage may be realized in the total weapon system where lower size and 
weight permits the use of a smaller and lighter missile for а given mission. 


In the system of Figure 1, gas flows from the gas generator, through the filter, and 
into the actuator assembly. Сав pressure is maintained constant on the smaller side of 
the differential area piston and is regulated on the larger side by the pilot valve. The 
area ratio between the two piston areas is approximately 2:1; if the pressure is regulated 
at 50 percent of supply pressure the piston will remain at the mid position, if it is 
allowed to increase, the piston will extend (move "down" in the figure); if it is allowed 
to drop below 50 percent of supply pressure, the piston will retract (move "up" in the 
figure). The net force generated by the piston is determined by the gas pressure acting 
on the large piston area. 


The pilot valve operates in a Pulse Duration Modulation (PDM) mode where the flapper 
cycles back and forth at a constant frequency and the dwell time on the inlet and vent 
ports is controlled by varying the solenoid "on" time. With a 0 percent РОМ command the 
dwell time on each port is the same and a constant pressure is maintained in the cylinder. 
As the РОМ command moves from zero toward +100 percent the dwell time on the inlet is 
increased, the vent is open longer, and cylinder pressure decreases. As the PDM command 
moves from zero toward -100 percent the dwell time on the vent increases, the inlet is 
open longer, and the cylinder pressure increases. The PDM command is generated by the 
electronic converter in response to signals received from the missile guidance system. 
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FIGURE 1, WARM GAS ACTUATOR SYSTEM 


The actuator piston size and the gas generator pressure are established by the required 
actuator stall torque. The gas flow rate from the generator is determined either by the 
required system frequency response or by the system slew rate, whichever is the more demand- 
ing requirement. The constant flow characteristic of the gas generator results in a con- 
trols system with the capability of delivering maximum performance for the full operating 
duration. 


Cold Gas Powered Controls 


The schematic of Figure 2 shows a cold gas powered controls system. This system is 

, Similar to the warm gas system, except that the gas generator has been replaced by a pres- 
surized cold gas container, a squib-actuated cutter, and a pressure regulator. Operation 
of the system is the same as described above for the warm gas system. 


Again the piston size and operating pressure level are determined based on the required 
stall torque, and the maximum gas flow rate is established by the system frequency response 
or slew rate. The system shown is a constant flow mechanization, so enough gas must be 
provided to permit full power operation for the entire mission. Therefore, there is no 
reduction in weight if only a partial duty cycle is required. With a somewhat more complex 
mechanization the system can be made "closed center"; that is, the gas flow is turned off 
when no maneuvers are to be performed, and the system size and weight can be reduced to 
reflect a partial duty cycle. With a closed center system, enough gas must be provided to 
perform the anticipated worst case duty cycle, and to meet leakage losses. 


Hydraulic Powered Controls 


Figures 3 and 4 show schematics of hydraulic controls: Figure 3 shows a blowdown sys- 
tem where the hydraulic oil is dumped after use; this system can be pressurized either ' 
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FIGURE 2. COLD GAS ACTUATOR SYSTEM 


with a warm gas or cold gas supply. Figure 4 shows a recirculating hydraulic system where 
the oil is reused continuously. The pump can be electric motor or warm gas turbine driven, 


The size of the hydraulic actuators in both types of systems is determined by the stall 
torque requirement. The size of the total blowdown system is affected by duty cycle since 
the amounts of pressurizing gas and hydraulic fluid must be equal to the total swept volume 
of the pistons during the anticipated mission. The slew rate or frequency response require- 
ments for the system establish the flow rate and, consequently, the line size and servo 
valve size. The cold gas pressurized system offers more flexibility in mission profile 
since only leakage flow is demanded in the absence of commands while the warm gas generator 
flows at a constant rate, There is a tradeoff between these two types of systems because 
the size and weight of the gas generator is generally significantly less than the size and 
weight of the cold gas container for short durations and high duty cycles, 


Аз operating time and duty cycle increase the recirculating hydraulic system may offer 
more efficient packaging then a blowdown system. However, the added system complexity and 
the increased number of parts offsets this advantage from a cost standpoint. Again, with 
this type of system, the slew rate and frequency response demands establish the maximum oil 
flow rate and, therefore, fix the line and component sizes. An additional factor on size 
is the requirement to provide enough thermal capacity to prevent overheating of the oil: 
this may result in a large fluid reservoir unless a variable displacement pump is used. 

The scope of the tradeoff study supporting this paper did not include variable displace- 
ment pumps because they generally are not applicable to tactical missile operating 
durations. 
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SYSTEM COMPARISONS 


In the discussion below it is assumed that each system provides two-axis missile con- 
trol, and delivers equivalent performance. Complexity is compared as a cost indicator and 
the appropriate areas of application for each system type are indicated by tradeoff curves 
of weight as a function of power output and duration. The parametric curves consider the 
relationship between system weight, power, and operating duration, but not cost. Cost for 
a given type of system is not highly sensitive to physical size within the range of appli- 
cability to tactical missiles but, instead, is primarily a function of the systems inherent 
complexity or piece part count. Referring to Table І, the system parts breakdown, it is 
noted that hydraulic systems require about one and a half to two times as many major sub- 
assemblies as do pneumatic systems, Consider that each of the systems contains an energy 
Source (gas generator, cold gas container, battery), a control device (pilot or servo 
valve), and an output device (the actuator). While the pneumatic systems utilize the energy 
source directly, the hydraulic systems interject an intermediate fluid and power conversion 
stage in the system. 


Design 


Table I identifies the main subassemblies in each of the systems described earlier. 
The "cost and complexity factor" assigned each subassembly is an approach to compare the 
relative cost of the system elements based on their complexity. The equivalent factor is 
the product of the actual quantity and the cost and complexity factor. As an example, each 
of the four systems requires two valves to control the actuating fluid: the pneumatic sys- 
tems each require two solenoid operated pilot valves, the hydraulic systems each require 
two hydraulic servo valves. The solenoid valves used in the pneumatic systems comprise а 
two-piece solenoid, flapper or poppet and а valve body. In comparison the servo valves 
use a torque motor, à mechanical feed-back element, one or two sliding spools, orifices, 
filters and a valve body. From the relative complexities of the valves, aud from their 
known costs, a factor of 2 is assigned to the pilot valve and a factor of 9 is assigned to 
the servo valve; thís indicates that the servo valve is considered to be about four and 
one-half times as complex and costly as pneumatic solenoid valves in production. 


Cost 


Table II, an equivalent cost and performance table, has been completed for the various 
systems described and indicates the relative system cost relationships based on the warm 
gas pneumatic system as unity. Because the electronics constitute such а major portion of 
the system cost the comparison is shown for the total system and also less electronics to 


‘give a better indication of the relative costs of the mechanical portion of the actuation 


systems, 


Size and Weight 


Control system size and weight can be discussed on a specific basis when alternate 
mechanizations are designed to meet identical performance criteria and also can be generally 
considered on a parametric basis.  Aeronutronic and others have accumulated a variety of 
comparative data of both kinds; the following discussion presents data leading to definition 
of the lightest system as a function of output power and duration. 


Specific Design Point. Іп conjunction with a recent design study, Aeronutronic com- 
pared a variety of systems to evaluate different fin actuation mechanizations for a five 
inch diameter missile. (Technical Note Y444-71-015, Study of Actuation Systems for а Tac- 
tical System.) Each system considered was sized to deliver 1350 in.-1b. per axis output 
torque, to have 520% fin deflection, to have hardover to hardover step response of 50 msec, 
and to operate for a duration of 25 seconds. 
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TABLE II. EQUIVALENT COST AND PERFORMANCE TABLE 


Cost Ratio General Application 
Less Duration Range of Power 
System Total Electronics (Sec) CHP) 
Pneumatic 
Warm Gas - High % Duty Cycle 1.0 1.0 1 to 45 
Warm Gas - Low Duty Cycle 1.0 1.0 1 to 20 Апу demand 
Cold Gas - Low Duty 1.0 1.0 20 со 120 
Blowdown Hydraulic 
Warm Gas Pressurized - 1.3 1.6 1 ко 15 Low power 
High Duty Cycle 
Cold Gas Pressurized - 1.3 1.6 15 to 120 
Low Duty Cycle 
Recirculating Hydraulic 
Warm Gas Turbine Drive - 1.8 2.4 і со 15 Тот power 
High Duty Cycle 
Electric Motor Drive - 1.7 2.3 15 to 120 Low power 
Low Duty Cycle 
Battery Powered Electromechanical - 1.5 1.8 1 to 120 Low power 


Low Duty Cycle 


Table III shows the results of the design study in terms of size and weight of the 
pneumatic and hydraulic systems for a 100 percent duty cycle and for a 30 percent duty 
cycle. The table shows that the warm gas pneumatic system is both lighter and shorter 
than the others, even though the size and weight of the warm gas system does not change 
when the low duty cycle is specified. The small size and low weight of the warm gas sys- 
tem are the result of the highly efficient energy packaging offered by the solid propellant 
gas generator, 


Note the effect of the reduced duty cycle on the size and weight of the closed center 
systems, ` This comes about because the amount of cold gas or hydraulic fluid can be reduced, 
commensurate with the duty cycle requirements. 


Parametric Study. A basic parametric trade study covering the five systems of most 
interest in tactical missile applications has been made to illustrate the effect of output 
power and operating duration on the weight of each system and to permit general comparisons 
among them. The study, which is somewhat sketchy at this point and subject to later refine- 
ment covers: 


Warm gas pneumatic 

Cold gas pneumatic 

Wam gas blowdown hydraulic 

Cold gas blowdown hydraulic 

Wam gas powered recirculating hydraulic (fixed displacement pump) 


The curves are based on the following assumptions: solid propellant gas generators are 
sized for 100 percent duty cycle, making full power available for the full duration; warm 
gas pneumatic systems operate at 2000 psi and hydraulic systems operate at 3000 psi; and 
warm gas in the cylinders is assumed to be cooled to 1000°R (540°F). Cold gas systems 
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TABLE 111, SYSTEM МЕТСНТ AND SIZE COMPARISON 


Length 
Weight Inches 
System Lb (їп 5" Dia) 
100% Duty Cycle 
Pneumatic - Warm Gas 10,5 8.0 
Pneumatic - Cold Gas 19.9 16.2 
Hydraulic - Blowdown 
Warm Gas Pressurized 18.6 16 
Cold Gas Pressurized 23.0 19 
Hydraulic - Recirculating 18.0 ж15 
30% Duty Cycle 
Pneumatic - Warm Gas 10.5 8.0 
Pneumatic - Cold Gas 15.0 11.1 
(Closed Center) 
Hydraulic Blowdown 
*Warm Gas Pressurized 12.0 13 
Cold Gas Pressurized 13.0 15 
Hydraulic Recirculating 16.0 “14 


*Approximated - not included in original study 


assume a gas storage pressure of 7000 psi, and 2000 psi operation. Тһе cold gas systems 
assume the use of gaseous nitrogen, but helium is an alternative choice. The cold gas sys- 
tems are closed centered which increases their complexity over that of the warm gas system 
by approximately 10 percent. 


All data are presented in terms of total maximum horsepower output. Although horse- 
power does not always define the greatest energy demand for servos requiring high frequency 
bandwidth performance, it is the most convenient parameter for comparison of systems cover- 
ing a large range of output forces (or torques), strokes, and maximum slew rates... Horse- 
power as used here is defined by maximum output force and maximum slew rate, summed for all 
axes. 


Force (1b) x Slew Rate (in/sec) 


HP 6600 


_ Torque (in 1Ь) х Slew Rate (Deg/sec) 
Ori SHE 378000 


Note that this convenient power parameter is a "worse on worse" definition and that many 
servos are not required to produce maximum output force and maximum slew rate simultaneously 
on both axes, 


Duty cycles of 100 percent and 33 percent were covered to bracket the span of applica-. 
tions. In general, shorter duration applications tend to have higher percent duty cycle 
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demand and the 33 percent level із considered a minimum. It should also Бе noted that the 
percent duty cycle as used here includes gas and fluid loss through valve leakage and servo 
system noise, 


The warm gas pneumatic system parametric curves, which apply to any duty cycle, are 
shown in Figure 5. This type of system is being emphasized at Aeronutronic because, in our 
opinion, it is the lowest cost, simplest, and generally lightest of the candidates, A num- 
ber of such systems have been designed and developed. Specific system power/weight points 
are indicated on the curve to give a feeling for the correlation obtained between real 
designs and the parametric curve values. The correlation is quite reasonable given the 
somewhat simplistic analysis we have made and given the variety of design criteria applying 
to each specific case. 


Figures 6 through 9 give similar data for the 100 percent duty cycle case for the com- 
parison systems. Figures 10 through 13 present the data for the 33 percent duty cycle case. 


By superimposing the individual curves a direct comparison of the system weights can 
be made. These comparison curves, presented to show the lowest weight cold and warm gas 
systems are shown in Figures 14 and 15 for the 100 percent duty cycle. Here the warm gas 
systems are always lighter than cold gas, 


The direct acting pneumatic system is optimum for weight in almost the entire range of 
power and duration although a blowdown hydraulic system appears competitive for very short 
durations and low power. “his conclusion appears reasonable because the weight of oil 
involved in a short duration Low power application is low and the gas efficiency of these 
systems is somewhat superior to the direct pneumatic mechanization, 
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It must be remembered of course that the cost of the hydraulic option will always be 
higher than that of the pneumatic system. 


The cold gas systems operating at 100 percent duty cycle as shown in Figure 15 are 
heavier in all instances than warm gas systems. Generally the crossover where warm and 
cold gas systems have equal weight occurs at 33 percent duty cycle, including leakage gas 
consumption, because energy content and packaging volume of solid propellant gas generators 
is approximately one-third that of cold gas. 


Figure 16 compares the system candidates in the low (33 percent) duty cycle region. 
Here the weight of the pneumatic system is identical with either warm or cold gas, and the 
pneumatic system is lightest except at the short duration low power range where the blow- 
down hydraulic system is slightly lighter. For the under two horsepower level for Long 
durations the recirculating hydraulic system is approximately equal in weight to the pneu- 
matic systems. It is doubtful, however, that the system would ever be selected for a real 
application because of its higher complexity and cost. 


A further observation to be made in the choice of warm gas or cold gas pneumatic sys- 
tems is that in general the warm gas would be preferred for durations up to a maximum of 
45 to 60 seconds and cold gas would be preferred for longer durations because the burning 
rate limits for gas generator propellants would tend to make too long a package for higher 
durations. 


In summary the parametric analysis indicates that pneumatic systems are preferable on 
a weight basis for essentially the entire range of tactical missile applications and that 
warm gas is preferable to cold gas for all duty cycle demands higher than 33 percent. The 
very real cost advantage of the pneumatic versus hydraulic systems has already been 
identified. 


Another relevant observation is that the battery powered electromechanical actuation 
systems, not treated in this parametric study apply in the same low power long duration 
region. 
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COST 


The warm gas pneumatic system consists of the gas supply and the actuating components 
mounted in an integrated manifold and cylinder block, and the control electronics. The gas 
supply consists of the gas generator, a filter, and a relief device to minimize pressure 
variations and propellant consumption when the system must operate over wide temperature 
extremes. Ihe actuating components are the pilot valve, the piston and cylinder assembly 
and mechanical linkages. One valve and cylinder assembly is used for each shaft moved. 
Thus, two ате needed for pitch and yaw if roll control is not needed and four are used 
where each fin must be independently moved. Тһе gas manifolds, cylinders and mounting 
structures are generally integrated into a single cylinder block. The control electronics 
consist of a triangle wave generator operating at the PDM frequency, several operational 
amplifiers, and a power transistor and zener diode for each pilot valve. Тһе components 
are mounted on circuit boards in conventional fashion. The boards may be made in specíal 
shapes to fit in unused space in the control section of the missile, 


Figure 17 shows.a typical single axis actuation subassembly and Figure 18 shows the 
four-axis installation as used in a recent program in which Aeronutronic supported NWC in 
the development of a pneumatically actuated low cost jet vane system. 


In a typical system the pilot valves are "flapper" valves, similar to those developed 
by Aeronutronic for use on the Shillelagh missile JRCA and on the Minuteman missile Roll 
Control Valve, Іп these valves a magnetic alloy flapper is mounted on a steel flexure in 
the valve body, The body is made of austenitic stainless steel. Solenoid pole pieces are 
inserted in the sides of the valve body, and the solenoid coils are mounted on the pole 
pieces. Stainless steel restrictors mounted in the valve body also serve as valve seats. 
Figure 19 shows a typical flapper valve. 


The pistons are double-acting, with a differential area design that requires only a 
single three-way valve for control. The pistons are steel and use two O-ring seals: one 
on the piston head and one on the piston rod. Teflon slippers may be mounted over the seals 
to reduce friction. 


FIGURE 17. SINGLE AXIS WARM GAS ACTUATOR 
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FIGURE 19. WARM GAS FLAPPER PILOT VALVE 


135 


Тһе cylinder block, ос manifold, пау Бе either steel or aluminum, depending оп the 
operating duration and the gas flow rate into the system, The cylinder block contains the 
actuating cylinders, provides means for mounting the gas generator and pilot valves, and 
may also incorporate part of the fin mounting structure, Internal passages in the manifold 
duct the warm gas from the gas generator to the pistons and pilot valves. Typically the 
outside of the manifold is contoured and relieved to minimize weight. Figure 20 shows a 
typical integrated block for a four-axis control system, 


The relief valve is usually a spring-loaded poppet type, made of steel or high temper- 
ature nickel alloys. The relief valve is a complete assembly inserted into the manifold to 
vent excess gas from the generator. 


The filter is mounted in the inlet gas duct so that all gas from the generator passes 
through it. Тһе filter is а fine screened element with a backup structure and a supporting 
ring. Тре screen may be either stainless steel or а high temperature alloy, and the struc- 
tural parts are stainless steel. 


Тһе gas generator consists of a steel case with a solid propellant grain mounted inside 
the case. ‘The case is made of two or more sections, welded or threaded together. The igni- 
ter is mounted in a boss welded to the case. The outlet duct is welded to the case and is 
usually lined with thermal insulating material. The solid propellant grain may be made 
from any one of a number of formulations. The grain may be formed by casting, pressing, 
or machining, depending on the fomnulation selected. 


Cost Drivers 


Ав one might expect from the data and discussion presented to this point, the cost 
drivers are the larger elements in the system: the actuator cylinder block or manifold; 


FIGURE 20.  FOUR-AXIS ACTUATOR MANIFOLD 
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the gas generator; and the control electronics. The manifold is an intricate machined metal 
part and requires multiple machine setups and operations. While many of the operations 
require holding tight tolerances on dimensions, some of the operations are relatively coarse 
and are performed only as part of weight removal or to provide flow passages for the actua- 
ting gas. Many of the passages must be drilled from the outside, and then plugged and 
welded, 


The gas generator is a cost driver involving not only machined metal parts, but chemi- 
cal processing, plastic parts, and pressure vessel design, Since the generator is usually 
a major contributor to the system overall size and weight, the design and machining are 
critical; minimum wall thicknesses and minimum weight joint design are usually incorporated. 
Processing the propellant involves complex chemical processing and extensive quality control 
procedures, 


Control electronics are a primary cost driver for several reasons, The individual 
components may be relatively expensive; achieving high density electronic packaging involves 
closely spaced components and circuit boards, and is often complicated by use of unusually 
shaped boards to accommodate otherwise unused space in the missile. In addition, extensive 
quality control and test procedures are required to achieve reliable end items. 


Cost Breakdown 


In a typical small missile control system, the cost breakdown of a warm gas control 
system by component part is as shown in Table IV. 


TABLE IV. COST BREAKDOWN 


Cost - % of 
Total Control 


Item System 
Pilot Valves 9 
Pistons 1. 
Manifold 10 
Relief Valve 3 
Fin Assembly 2 
Gas Generator 11 
Filter 2 
Control Electronics 37 
Assembly, Checkout, Misc, 25 


The following technology programs directed at ultimate reduction in the cost of the 
major driving components are recommended as a means of advancing the status of warm gas 
actuation systems for tactical missile applications: 
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Title: Technology Project to Develop Low-Cost Pneumatic Control System 
System/Panel Area/Component; Air Defense and Close Support Missiles/Controls/Actuation 
Problem: 


The actuation hardware portion of the control system of tactical missiles which use either 
thrust vector control or fin control generally comprises from 25 to 50 percent of control 
system cost where hydraulic or pneumatic actuators are used. 


The approach of using simple pulsewidth modulated valving with a warm gas energy supply (or 
cold gas where duty cycle is low) has received only modest effort within the industry to 
date. New warm gas actuation mechanizations offer potential lower unit cost than conven- 
tional pneumatic or hydraulic actuators and further reduce total weapon system cost because 
they occupy less volume and are lower in weight, leading to a smaller and lighter missile 
for a given mission. 


Proposed Solution: 


It is proposed that a System Engineering Program be initiated to formulate detailed control 
system requirements based on projected missile system performance. Тһеве requirements 
would be used to generate general specifications for actuation systems and for the major 
components identified as cost drivers. These specifications would be used to define the 
specific goals of the other projects recommended in this paper. The work performed in the 
other programs would be directed from this program and after completion of the component 
tasks a complete system incorporating the resulting hardware would be fabricated, charac- 
terized, and demonstrated. Production cost estimates for the final system would be pre- 
pared to indicate the cost reductions achieved. 


Project and Cost and Duration: 


It is estimated this project would cost about $250,000 and would require three years for 
completion, 


Benefits: 
This program would result in advanced state-of-the-art pneumatic powered controls incorpo- 


rating the cost reduction advances made in the lower tier component projects ~ namely cast- 
ings, electronics, and gas generator propellants, 
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Title: Manufacturing Technology Project іп Metal Casting 


System/Panel Area/Component: Air Defense and Close Support Missiles/Controls/Actuation 


Problem: 


Increasingly tight missile packaging constraints have resulted in complex and high density 
controls configurations. With the manufacturing techniques currently available it is dif- 
ficult to manufacture some of the complex shapes that are required. A typical example is 
the actuator manifold shown in Figures 21 and 22 where the external profiling for weight 
reduction and internal porting for functional gas flow are involved. This particular mani- 
fold is used in a short duration system and is made of aluminum. Where durations are 
longer it is necessary to use steel or high-temperature alloys. 


The manifold shown is machined from bar-stock and requires about one man-month of machine 
time for small quantities. The configuration obviously lends itself to casting and to 
achieve minimum cost, both the external configuration and the internal cylinders and gas 
ducts should be included. Investment casting has been considered, but the process is rela- 
tively slow and costly, and it cannot provide all the desired features. If large quantities 
were required to be machined by state-of-the-art methods, the part would be tooled as a 
permanent mold casting to obtain the external contours, and then finish machined on a 
numerically controlled milling machine. Intermediate welding operations would be required 
to plug some of the holes drilled to make the internal gas flow passages. Even with exten- 
Sive tooling the manifold would still require about 20 hours of machine tíme. 


Proposed Solution: 


The most desirable technique for making parts similar to the manifold appears to be die 
casting: this is a high-production, low-cost technique, which can provide good dimensional 
accuracy and surface finish. From discussions with the Die Casting Research Foundation, 


FIGURE 21.  FOUR-AXIS ACTUATOR MANIFOLD 
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FIGURE 22. 


the Magnesium Research Center of Battelle Institute, and Rheocast Corporation (Natick, 
Massachusetts), the die casting approach appears feasible, but somewhat beyond the present 
state of the art. A ` 3 


Aluminum and steel аге both candidate materials and the problems іп die casting the їмо are 
different, Therefore, it і5 recommended that two projects be established; one relatively 
short-term project to develop and demonstrate aluminum die castings in the required config- 
uration, and а second longer term project to develop and demonstrate steel die castings in 
these same configurations. 


The identified problems in making aluminum die castings similar to the manifold relate to 
core design and support, die design to minimize splashing and premature cooling, die and 
core material selectíon, and injection pressure. To solve these problems it would be 
advantageous to place the project in a research-oriented organization with the proper die 
casting facilities. The University of Illinois, Case Western Reserve, and the Magnesium 
Research Center all appear to be viable candidates. 


The probiems in steel die casting are more basic, since this art is not as highly developed 
as aluminum die casting. Work must be done to solve problems of soldering, die cracking, 
&nd die surface wear or erosion, as well as the detail problems associated with the partic- 
ular design, It is reported that the basic problems have largely been solved in England 
and Germany, but the techniques have not yet been applied in this country. Since stecl die 
casting facilities are limited it would probably be necessary to place this project with а 
commercial house with research capability. One of the more interesting techniques for 
Steel die casting, and one that should be pursued as part of this project, is the M.I.T. 
developed 'Rheocasting'; a technique where the metal is poured as a slurry. Advantages of 
such a method are lower casting temperatures, less metal spray as the metal enters the 
mold, and less shrinkage in the die. | 


Project Cost апа Duration: 


It is estimated that the aluminum casting program would cost about $250,000 and require 
about one year to complete, The steel casting program would cost about $500,000 and would 
require about two years to complete. 
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Benefits: 


A cost reduction of at least 50 percent should be realized in casting parts similar to the 
manifold, Іп addition, the program would make available a new manufacturing technique 
which could be applied within the aerospace industry and also to commercial practice, 
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Title: Manufacturing Technology Project in Integrated Electronic Circuitry 
System/Panel Area/Component: Air Defense and Cost Support Missiles/Controls/Actuation 
Problem: 


Actuator control electronics using discrete components are expensive and space consuming, 
The cost of the electronics package is high because of the large number of components which 
must be purchased, stored, tested, and then mounted individually ог circuit boards, In 
addition, the large number of intexconnections between components and circuit boards 
requires considerable assembly effort and extensive quality control. The electronics 
package uses a disproportionate amount of space, again because of the use of separate com- 
ponents, and because the method of construction requires зрасе for connectors (rather than 
complete hard-wiring) and individual heat sinks for the high power output components. The 
photograph of Figure 23 shows a typical electronic control package using discrete components 
mounted on circuit boards. 


Proposed Solution; 


It is recommended that a program be initiated to develop and fabricate prototype quantities 
of a hybrid control package for use with the type of controls described earlier in this 
paper. The basic hybrid would incorporate the input summing and feedback amplifiers, the 
triangular wave generator, and the saturated power driver transistor. The high power cur- 
rent Limiting resistor would be screened on a separate hybrid substrate and would be 
mounted on a heat sink which is an integral part of the basic hybrid package. The use of 
thick-film hybrid technology would offer savings in fabrication cost, in interconnection 
costs, and would offer improvement in space utilization in the missile. 


Project Cost and Duration: 


It is estimated that this project would cost about $100,000 and would require about one 
year to complete, 


FIGURE 23. 
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Benefits: 


Successful completion of this project could result in savings of about 25 percent in the 
cost of control electronics in the actuation system, 


143 


Title: Manufacturing Technology Project to Develop Gas Generator Propellant 
System/Panel Area/Component: Air Defense and Close Support Missile/Controls/Actuation 
Problem: 


The current gas generator propellant formulations which meet the requirements of clean burn- 
ing and a flame temperature of about 2000°F are limited in burning rates from about 0.06 
inch per second to 0.2 inch per second and require extensive and costly processing. Pneu- 
matic actuation systems require a clean burning propellant to preclude plugging small ori- 
fices and lines; the present limitation on burning rates results in the gas generator dom- 
inating the actuator envelope and effectively limits the applicable durations and flow 
rates. 


Proposed Solution: 


It is recommended that a two-part program be initiated. The first part would be a compre- 
hensive survey of the industry to ascertain the latest state of the art in available pro- 
pellant formulations and to determine which solid propellant manufacturers have formula- 
tions, as yet undeveloped, which have the potential of offering the desired combination of 
clean burning, a wide range of burning rates, and low cost processing. The second part of 
the program would be performed when suitable candidate propellant formulations are identi- 
fied. The development of candidate formulations would be funded with the goal of performing 
demonstration firings to verify the clean burning characteristics and the burning rate range, 
and to perform cost studies to predict the production cost of gas generators using the 
candidate formulations, 


Project Cost and Duration: 


The estimated cost of part one of the program is $30,000 with a duration of six months, 
The estimated cost of part two of the program is a maximum of $400,000 with a duration of 
two years, 


Benefits: 
Successful completion of both parts of this project would make available lower cost clean 
burning propellants which would reduce actuation system cost by permitting more design 


latitude in all system components, and by increasing the range of applicability of solid 
propellant powered systems. 
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SCREENING OF ELECTRONIC COMPONENTS 


С. D, Anderson 


General Dynamics, Pomona Division 


ABSTRACT 


General Dynamics Corporation's presentation in the area of control sections is 
directed at the cost effectiveness and application of electronic component screening. 
Application of and results of such screening on both the Standard Missile and Standard 
ARM missile systems will be used as a basis for the discussion. 


Electronic components used in modern weapon systems are accepted from procurement 
lots which have been subjected to relatively rigorous test requirements. At present, the 
only additional screen testing being accomplished on Standard Missile and Standard ARM are 
selective tests on semiconductors and microelectronic devices. One avenue key to elec- 
tronic component screening is to consider filters, various types of capacitors, resistors, 
et cetera. In addition, it is of some interest to note that among the various systems 
manufacturers, there is some disagreement even in the "g" forces and cycles/second most 
effective in the practice of loose particle detection (LPD) testing in semiconductors and 
microelectronic devices. Revisiting such existing testing for the purpose of screen op- 
timizing is a consideration of this discussion also. 


INTRODUCTION 


Component failures are a major contributor to higher-level missile assembly test 
rejections, both in the factory and the field, even though these components have been sub- 
jected to rigorous acceptance requirements of Mil Hi Reliability specifications. The 
problem modes of significance require identification as to root cause of failure so that 
an effective screening program can be developed which allows the most favorable cost 
trade-offs, 


Procurement cost alternatives сап create significant savings in program costs. The 
current market price for a JANTXV2222A is approximately $2.00. The price for а JANTX2222A 
(по "У" or pre-cap visual inspect) is approximately $0.25. Comprehensive data are not 
readily available to allow design or procurement personnel to determine between the "У" 
configuration or "по-У" configuration, with or without screening techniques. 


In spite of such testing, the failure of electronic components continues to be a 
major contributor to faílure of higher-level missile assemblies, including the missile 
system level. Alternative considerations and approaches which have been pursued to date 
and some of those possibilities which might be considered to reduce the impact of com- 
ponent failures on missile life cycle cost will be another specific objective of this 
paper. 
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PROBLEM APPROACH 


General Dynamics, Pomona Division is presently conducting an in-house screening pro- 
gram for electronic components and has been doing so since January 1972. This screening 
program was developed as a result of our past experience with missile production programs. 
This experience has shown that the major contributors to assembly-level failures are due 
to transistors and microcircuits. Within these part categories, the major causes of 
failure are internal loose particle contamination, weak internal bonds, and marginal quality 
substrates. Because Mil Spee requirements have not been adequate to completely eliminate 
these defects, a 100% screening program was developed to remove these latent failure modes. 
The results of this screen prompted a full-scale program in 1973 on the Standard Missile-1 
production program and is presently being used on the following programs: 


1. Standard ARM D-2 
2. Standard Missile-1 
3. Standard Missile-2 
4. Sparrow 

5. Phalanx 

6. 


Other special programs 
Basically, the approach is to: 


1. Submit transistors and microcircuit devices to loose particle detection (LPD) screen 
testing for acoustic detection of loose particles. 

2. Submit transistors and microcircuit devices to 25 cycles of thermal shock (TS) from 
417590 to -65°C followed by electrical testing 


HOW THE PARTS SCREENING PROGRAM WAS DEVELOPED 


The parts distribution of the various electronic components in the Standard Missile-1 
(SM-1) 18 shown in Chart 1. Тһе total of the 5,779 parts are proportional such that inte- 
grated circuits (ICs), transistors, and diodes represent 267 of the pie. The problem dis- 
tribution on the right, in a typical month, shows that these same three items represent 
74% of the total. The cost distribution due to component removals from module, plate, and 
section levels is shown on Chart 2. These are factory costs only to remove/replace (in- 
cluding component costs) and retest. Неке it becomes clear that 108 and transistors are 
the most costly items to the factory. This is due primarily to the more complex func- 
tional requirements of the semiconductor, in addition to a higher average cost per device. 


A supplier's acceptance requirements for a small signal transistor, P/N 2576767-2 
(JANTX2N2484), chosen as typical, is shown in Chart 3. Process conditioning is done on 
all transistors in the lot to be presented for acceptance testing and includes storage for 
48 hours at 20090, temperature cycling from -659С to +1759C, and power conditioning for 
168 hours at maximum (spec) power. It is then subjected to the Group A tests for each lot 
and Group B tests every six weeks on a continuing purchase. 

At General Dynamics, Pomona Division, an audit of the incoming lot quality is per- 
formed in the Receiving Inspection/Quality Assurance Environmental Test (RI/QAET) Program. 
This RI/QAET is effective in rejecting lots that are not up to par on spec requirements. 

. Chart 4 shows the RI/QAET requirements of the same P/N 2576767-2 transistor. The "D" and 
"A" mean that the attribute is measured "during" or "after" the particular environment, 
respectively. Note that one sample goes through high and low temperature, another goes 
through temp-cycling, and:a’third ‘sample is subjected to 100-hour op-life test. А11 
samples receive an initial and a final functional test. 


Actions are positive in RI/QAET--lots are rejectable. At most semiconductor suppliers, 


General Dynamics, Pomona Division has a Quality Assurance Representative who is responsible 
for assuring quality to the spec level on source-accepted lots. This further verifies that 
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the component meet the spec. But, in spite of this additional effort, we continue to heve 
problems in our manufacturing process due to component failures. Chart 5 shows semicon- 
ductor removals for six months from plate and section levels where the causes of failure 
have been identified as supplier-caused. Failure diagnosis of these semiconductors re- 
vealed bonds and contamination were the problem in 73% of the integrated circuits (ICs)/ 
hybrid microelectronic devices (HMDs) and 81% of the transistors. ОЁ major concern was 
that these high percentages were related to latent-type discrepancies revealed at the 
higher-assembly levels. 


There is much reaction when one of these failures occursat Success Rate Demonstration 
(SRD) level tests when the accept number is not achieved. Almost everyone becomes in- 
volved, including the supplier. Supplier will usually ask, "One out of.....how many?". 

We get lots of sympathy, but no positive action from them. After all, the parts did meet 
the spec and the delivered lot was probably not in jeopardy. 


Because of this situation, one-day seminars were conducted with our key semiconductor 
suppliers. Their top management teams were exposed to our dilemma. Discussions led to 
mutual understandings that it was costly for General Dynamics, Pomona Division, but also 
to the supplier, when his part was identified as the cause. 


These and follow-up meetings were beneficial to update our thinking on state-of-the- 
art of semiconductor processing. We also obtained management visibility of the supplier's 
operation to assure ourselves that only the highest-quality parts, in keeping with our 
specs, were shipped and the supplier would react to user problems when adequately iden- 
tified with supporting data, 


Supplier suggestions included items such as the addition of precap visual inspection, 
bond pull tests, redesign multi-chip hybrids to one or two chip monolithic design, hi-rel 
or captive line processing, additional burn-in and screening, chip passivation, et cetera. 
Many suggestions were good and many were very costly. 


However, long-range plans of some suppiiers were acceierated; і.с., 1 mil aluminum 
wire was increased to 1% mil for increased bond strength from one supplier with a bonds- 
off problem and an active chip surface was passivated to preclude contamination problems 
by another supplier. 


Nevertheless, our electrical component removal probiem was still a real one in the 
factory at that time. А screen had to be developed to reduce component removals. 


It was determined earlier that semiconductors caused the major problems related to 
assembly test failures and about half of those removed were directly supplier-relatable. 
А proposed screen must show favorable cost trade-offs by reducing overall removals and 
reducing or eliminating latent failures identified as internal conductive contamination 
and open bonds. To this extent, the worst offenders were selected from a list of signi- 
ficant cost items due to removals during a (then) current six-month period. 


Chart 6 shows the methodology used to reduce this list to 20 part numbers. Тһе test 
cost per part is ап estimate based on experience plus the degree of evaluation desired. 


We determined that a ratio of 2:1, removal cost-to-test cost, was feasible. Using 
this criterion, a list of 20 part numbers was selected. It is to be noted that part 
numbers with the higher quantity per missile are usually associated with the higher 
removal items. 


Chart 7 shows the percent of components assembled that were removed from each assembly 


level. Using this and other available information, judgement was applied in reducing the 
list of 20 part numbers to 14 part numbers and these are identified on this chart. 
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It is to be noted that when the quantity per missile is high, а considerable number 
o£ removals may be made without causing the percentages to change significantly. But, 
unit removal costs are additive. Cost avoidance was extrapolated from all this information 
and the results indicated that a screening program was feasible. 


Now that the 14 part numbers were identified for screening, the screen test plan 
chosen to cull weak bonds, conductive contamination, and out-of-toierance parameters was 
temp-cycling, acoustical loose particle detection (LPD) test, and a final electrical test 
for key parameters. Not all of the selected part numbers have all three basic problems 
identified with factory assembly and test. 


PRESENT SCREENING METHODS AT GENERAL DYNAMICS 


The screen test sequence to detect the identified failure modes is shown in Chart 8. 
Temperáture cycle (T-C) or loose particle detection (LPD) may be deleted due to individual 
history, but a final satisfactory performance (FSP) test was to be performed on each com- 
ponent screened. 


The test equipment utilized in this program was the Dunegan Model LPD Acoustical 
Loose Particle Detector, a Delta Temperature Chamber, and the Firchild 5000C Integrated 
Circuit Automatic Test Unit. 


The first picture shows а satellite station to the test unit which was programmed 
to perform go/no-go tests. This station also has the capability of data print-out for 
the parameters measured for use in failure analysis. 

The second picture shows the temperature chambers used allowed trays of components, 
as seen, to be physically сусјед into the hot or cold chamber periodically. Тһе stacked 
chambers are warmed electrically and cooled by C02. 


The third picture shows the LPD test station, which includes a Dunegan Model LPD 
unit connected to a piezoelectric transducer mounted on the shaker head, and also an 
oscilloscope. Components to be tested are attached to the transducer by means of a 
viscous couplement. High-frequency elastic waves are detected by the transducer in contact 
with the specimens when a loose particle is bouncing around inside the semiconductor can. 
The audio signal is amplified and may be heard through the speaker enclosed in the LPD 
unit to the left of the oscilloscope or visually seen on the scope, or both. 


Per Dunegan literature, a mass of 0.1 microgram may be datected when excited at a 
minimum of 2 g's and 20 hZ. Chart 9 shows relative sizes that relate to the advertised 
detectable mass. Of interest is the fact that these lengths could cause failures if the 
conductive particles were to short between active elements on the die. 


In effect, we are screening for reliability improvement. We have taken selected part 
numbers out of factory inventory bins, where the components are kept after having fully 
met the acceptance requirements and where the components are readied for kitting, and are 
subjecting them to a screen. Because of the careful selection of the screening environ- 
ments, the potentially-troublesome failure mode will be revealed in the components and 
these components culled from the lot. Іп this program, the good components were identified 
with a "purple dot." 


ASSESSMENT OF THE RESULTS 
Chart 10 shows the SM-1 initial screen test results. Overall 171,171 components 
were screened, of which 3.2% were rejected. The loose particle rejection rate was 2.4% 


and the final satisfactory performance rejection rate was 1.7%. It is interesting to 
note that the average yield rate for the ICs was the highest at 98.4%. The transistor 
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average yield of 95.5% was the lowest of the three groups and this was biased by the high 
fallout during loose particle detection tests. 


If the loose particle contaminates are conductive and long enough, a short circuit 
could occur. Probability of failure can be calculated knowing the size of conductive 
particles, the vulnerable area to electrical shorting by the particle, and the base area 
of the can. 


Chart 11 shows two components, an IC and a transistor, plotted for the probability 
of a failure when a conductive particle is of a certain length. It is noted that the IC 
has a glassivated die and the transistor has not. The curves drawn were based on actual 
particles found in LPD testing and the vulnerable area exposed. On this particular non- 
passivated transistor, the shorter conductive particles have an immediate effect on the 
probability factor, but the longer particles do not affect the probability that much more. 
The glassivated IC shows a lesser effect on the probability factor with the shorter par- 
ticles, but the longer particles are able to reach around the glassivated агса to increase 
the probability of shorting, Because of the different geometries of these two devices 
and limited data, a direct comparison cannot be made. 


Repeatability of the LPD is a question due to the threshold of detection. Chart 12 
shows where a transistor lot of 8,687 parts were divided for convenience into four test 
groups and subjected to temperature-cycling, LPD, and FSP tests. The overall yield of 
the four test groups ranged from 99.1% to 99.4%. In particular, the LPD percent defective 
was in the 0.25% to 0.40% range. It is felt that this represents a fair degree of overall 
testing consistency and the LPD screen test results can be considered valid. 


Failure diagnosis of the LPD-rejected components revealed both conductive and non- 
conductive particles. Conductive particles were found through failure diagnosis in 60- 
100% of the cases. ' 


Chart 13 shows the type ої particles found іп а hybrid device, Тһе particle types 
and sizes are typical of what was found іп the overall LPD screen testing. Of interest 
in this set of data is the attempt at correlating the particle type and size to the loose 
particle detector's ability to detect. 


The detection was accomplished by the sound amplifier and the scope simultaneously 
and the particles detected were placed into three groups: noisy, medium noise, and 
intermittent noise. Some of the defectives had multi-particles. Correlation of particle 
mass to the LPD detectability is difficult to assess with these minimum data. However, 
what was found correlates to the detection method. 


Chart 14 shows the test results as of 23 February 1975 on all major programs at 
General Dynamics, Pomona Division. These results can be compared with the SM-1 initial 
screen results in Chart 10, which shows conclusively a continuing need for this screen. 


The screéning test results for the Standard ARM D-2 production program is shown in 
Chart 15. It is significant that the microelectronic devices' (MEDs) failure rate during 
ARM D-2 temperature shock/electrical tests (0.65%) is less than half that seen on all 
major programs (1.35%). This was most probably due to the fact that MEDs bought for the 
Standard ARM D-2 program were purchased to Mil High Rel (M38510) or High Rel equivalent. 
However, a reverse trend is indicated by the higher failure rate of transistors screened 
with Standard ARM D-2 program during LPD (3.18%) and TS/ET (3.23%) as compared with the 
test results on all major programs: LPD (1.75%) and TS/ET (1.79%). This is in spite of 
the fact that: the transistors bought for Standard ARM D-2 were purchased to Mil High Rel 
(JANTX or JANTXV) or High Rel equivalent. This could mean that more attention is being 
placed on the manufacture of integrated cireuits and hybrid microelectronic devices and 
fess attention to the transistor manufacture. 
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Let's look ас the results of this screening effort ас the success rate demonstration 
tests on Standard Міѕѕі1е-1. Before the screening tests were conducted, Chart 16 shows, 
out of 375 units tested, the section failure rate was 3.17. After component Screening 
was initiated, the section failure rate was reduced to 1.27. 


А review of 120 5М-1 missile sets (modules, plates, sections) shown in Chart 17 
further exemplifies the effect of implementing semiconductor screening testing. 


An even bigger payoff is reflected in the Standard ARM D-2 missile where, as of this 
writing, not a single component part failure has been reported during missile environ- 
mental qualification testing. Missile environmental qualification testing consists of 
subjecting six missiles to specification environments. Four of these missiles have com- 
pleted testing and two have completed all but the final test in the sequence; i.e., salt 
fog for one and condensation altitude for the other. 


UNRESOLVED PROBLEM AREAS 


General Dynamics, Pomona Division has made some headway in effectively screening 
semiconductors at the component level so that significant improvement: of reliability can 
be observed at the higher assembly levels. But, by observing the industry "state of the 
art" trend in this as well as in other areas, it is apparent that there are still alter- 
nate cousiderations and approaches which have to be pursued. For example, in the Air 
Force version of the military specification for microcircuits (MIL-M-38510B, 1 October 
1973), acoustical loose particle detection test is to be performed on all microcircuits 
procured to this specification. Now this is essentially the same type of test done during 
General Dynamics, Pomona Division loose particle detection tests with these major dif- 
ferences: 


Mounting of the device 


to the table 


Mounting procedure 


General Dynamics 
Method 


Use Dunegan AC-V9 
material 


Mount device while 
vibrator is on 


MIL-M-38510B 
Method 


Use Permacel P-50 
double-face tape 


Abruptly turn on 
vibrator after de- 


vice is mounted 
and abruptly turn 
off 

5 g's 30 hZ 


Vibration frequency and 10 g's 65 Ва 


amplitude 


General Dynamics, Pomona Division has found the best attachment medium to mount devices 
to the loose particle detection table was by Dunegan's AC-V9 viscous couplement. This 
is a highly viscous, silicone-base liquid. The effect of different adhesives normalized 
to the AC-V9's effect are shown in Table 1. 


Table 1 


Effects of Different Adhesives 
on the Response of the LPD System 


Response 


Material 


Dunegan AC-V9 

3-M Double-Backed Tape 
GE Silicone Putty 

No Adhesive 
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The effect of shocking the device by abruptly turning on the vibrator at 10 g's as 
required by M-38510B may have the advantage of dislodging trapped particles within the 
device in some package styles. Encapsulated particles may escape detection because of 
entrapment. Electrostatic forces appear to be the primary entrapment mechanism. 


Because LDP testing is presently performed at a fixed frequency, it is only acci- 
dental that the vibration frequency would be the optimum frequency for testing of a 
particular device. It seems logical that the test frequency should be tailored to the 
device under test, not the other way around. Now, let's look at other component areas. 
Another area of interest is the component electrical test itself. In most cases during 
electrical testing of components, the test may last for a fraction of a second. This may 
be long enough to make the measurement, but may not be long enough to detect a potential 
problem area, especially if the parameter being measured may be changing. 


Since most of the attention and effort has been placed on transistors and micro- 
electronic devices, very little if any attention has been given to electronic component 
screening of various types of capacitors, resistors, diodes, and filters. 


As an example of where defective parts are not being detected at the supplier's 
plant, one of our suppliers had delivered fixed electrolytic capacitors to the High Rel 
specs of M-39003/01. We discovered during one of our in-house audits that 12 of these 
capacitors out of a sample of 80 exceeded the low-temp dissipation factor of 6% at -55°C. 
Fortunately, the problem was discovered before the capacitors in the lot were assembled 
into the missile. As a corrective action for this problem, the lot was returned to the 
vendor. The vendor now has set up a 100% screen for this parameter. (This is in addi- 
tion to the High Rel spec requirements.) Не has also changed his manganese dioxide coating 
procedure to give a lower dissipation factor. 


PROPOSED SOLUTIONS 


Major differences exist in the present screening methods used in the industry to 
obtain reliable components. These screening methods at General Dynamics, Pomona Division 
are, аб present, basically limited to transistors and microcircuits. The project would 
examine the screening program and results from the Standard Missile and Standard ARM pro- 
duction programs at General Dynamics, Pomona Division as well as those screening methods 
found to be effective by other companies to determine the most optimum eiectronic screening 
program to apply to any missile program. The scope of this project will be to determine 
the most cost effective component screening methods that will complement the component 
quality assurance provisions. 


PROJECT COST AND DURATION 


It is estimated that this project will take about twelve months to complete with the 
cost breakdown as follows: 


Definition of the requirements $ 60,000 
Component test and evaluation 120,000 
Analysis of these data 15,000 
Economic/reliability trade-off analysis and 30,000 


final recommendations 
Total $225,000 


BENEFITS 


The major benefits to be derived from this project are an improvement in missile 
reliability and а reduction in life cycle costs. These reductions are estimated as follows: 
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Reduction іп manufacturing costs 0.6% of missile cost 
Reduction іп field maintenance costs 3.5% of missile cost 


ASSUMPTIONS 


Manufacturing Costs 


Before After 


Screen Screen 2. Change 
Depot Failure Rate 20% 5% 15% 
SRD Failure Rate 10% 5% 5% 
Factory Failure Rate 30% 10% 20% 
Total Failure Rate 60% 20% 40% 


Latest missile repair costs are 3.4% of missile cost. 


. 
eo. С. cost savings = 3.4% of 40% = 1.36% of missile cost. 


Cost of component is 15% of total missile cost. 


Assume a 5% increase in component cost due to added screen, 
then cost of screen = 5% of 15% = 0.75%" of missile cost. 


мн savings оп manufacturing costs із 0.6% of missile cost. 


Recycle Costs 


Assume a field failure rate of one half the depot failure rate, then: 


Before After 
Screen Screen ZN Improvement 
Field Failure Rate 107 25% 75% 


Assume tests conducted every six months during a seven-year life cycle, 
then the recycle cost savings = 


73% (AAimprovement) x 2 tests per year х 7 years х 3.4% (missile 
repair costs) = 3.5%* of missile cost. 


*This does not include the additional cost savings that may be realized due to 
_the increased missile reliability. 
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MANUFACTURING TECHNOLOGY PROJECT ТО PROVIDE LOW COST FAULT ISOLATION 
OF DIGITAL CIRCUITRY. 


К. 5. LAKE 
GENERAL DYNAMICS, POMONA DIVISION 


POMONA, CALIFORNIA 91766 
SYSTEM/SESSION AREA/COMPONENT:  POST/CONTROLS/TESTING 


Problem 


Increasingly dense electronic packaging systems are evolving along with a transi- 
tion from analog to digital circuit implementation. These trends require a significant 
improvement in digital fault isolation capabilities in production to prevent major in- 
creases in fault isolation costs and schedule delays due to the potential bottlenecks 
in fault isolation, Кок 30 IC's on a mounted board, using hybrid technology, individual 
device failure rates of 2 to 5% are normal. This gives acceptance rates at the board 
level from 55% to 22% respectively. 


Proposed Solution 


Two new methodologies for digital isolation have appeared in the last few years, 
The first to appear was based on digital simulation of faults and led to a fault diction- 
ary relating faulty output states to faulty devices, The newer method, known variously 
as "Probe Trace" or "Back Trace", utilizes the logical interconnections of the circuit 
board and the "good" state of all accessible circuit nodes, for each test step, to 
provide a guide for deterministic fault isolation. The Probe Trace approach permits a 
relatively low skilled operator to probe the board starting from a faulty output backwards 
towards the input until a device is located which has a fault output but good inputs. 


" The Probe Trace approach is generally more accurate and easy to use than the Fault 
Dictionary approach, It gives good results even in the situation of multiple faults. It 
works correctly for most cases of shorts, solder splashes and broken paths. 


The Probe Trace System is currently available from a few vendors as part of a 
complete test system but these systems are rarely directly usable for all test needs and 
the system is assembly language programmed which makes it non transferable to other testers. 


It is proposed to create a Fortran Program implementing the Probe Trace Algorithm. 
The Fortran Program would be usable on most testers either with minor modifications to 
Speed execution of certain portions or by relatively simple conversions to other languages 
used by computerized test systems, 


The Probe Trace Program would be written to accept the "good" state data from manual 
entry, from simulation programs, or from actual probing of a good unit, 
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Тһе Fortran Program would be validated by implementation on ап existing tester at 
General Dynamics, Pomona, 


Project Cost and Duration. 


Develop Fortran Program $25,000 
Implement on existing tester 15,000 
Evaluate on sample digital boards _15,000 

565,000 


Benefits. The benefits to be derived from this project will ђе а 60% reduction іп 
fault isolation time on digital boards above 15 IC's in complexity. 


Assumptions. None, 


Submitted by К,75, Lake 
General Dynamics, Pomona Division 


174 


Title: Manufacturing Technology Project to Develop Fiber Optics Techniques for Tactical 
Weapons Applications 


System/Panel Area/Component: Tactical Weapons/Control/Harnessing. 


Problem, Fiber optics techology is finding ever increasing applications in the control 
and communications world with the advent of low loss fibers and reliable coupling and 
amplification techniques. While fiber optics applications in the tactical weapons field 
can be clearly identified, the environmental and functional requirements in the various 
applications are considerably different, Higher per fiber yield is needed, since in- 
dividual fiber usage is common, Mechanical, thermo-mechanical and dynamic stresses are 
higher. Fibers for non-visible spectrum applications are required for which there is 
presently no production in the U.S. 1088 criteria are less stringent since relatively 
short lines are required but requirements on input-output coupling up to large incidence 
angles are more demanding. Fiber mounting or bonding is a severe problem in such design 
constrained systems as tactical missiles. The tactical weapons industry is lacking suit- 
able materials, assembly fabrication techniques and test capability needed to take full 
advantage of fiber technology. 


Proposed Solution: The present. situation requires two efforts. Task I should consist of 
a systematic build-up of fiber optics technology including design, processing, handling, 
assembly and check-out of fibers and fiber assemblies - specifically aimed at the needs 
of the tactical weapons industry. Task II should consist of materials selection and 
processing effort for the preparation of optical fibers for non-visible applications 
which can withstand the tactical weapon stress environment. 


The fiber quantities required are relatively small being in the thousand feet per year 
class for seeker applications such as focal plane to sensor couplings and no more than 

in the million feet per year classif considered for such potential applications as 
electrical transmission line (harness) replacements. By communication industry standards 
these are pilot line quantities and must be treated as such in the development of fabri- 
cation techniques to retain cost effectiveness, 


Task I requires technology study activities in such areas as: 1) bonding materials and 
techniques; 2) fiber end processing and shaping; 3) coupling techniques; 4) processing, 
deposition and selective removal of cladding material; 5) development of tooling to 
handle, prepare and assemble individual fibers and fiber bundles; 6) repairability or 
interchangeability of fiber elements; 7) design for minimizing failure stresses and 
assembly complexity; 8) non-destructive QA and functional performance check-out techniques; 
9) specification development; and 10) assembly line tooling definition. Task II requires 
material and processing technology study in such areas as: 1) fiber material selection 
based on criteria such as spectral transmission; amendability to fiber forming; тесћ- 
anical, thermo-mechanical and chemical stability, etc. Materials such as ZnSe, Ge, GaAs 
etc, in different structural forms (amorphous to crystalline) are candidates; 2) index 
matching cladding material selection based on similar criteria. Organic and non-organic 
materials deserve attention; 3) set-up of laboratory level fiber "pulling" techniques, 

4) determination of optimized fiber fabrication parameters such as forming cycles, tem- 
peratures, and pressures and of annealing conditions 1Ғ апу, 5) cutting and storage 
techniques; 6) fiber end processing; 7) stress and optícal testing; and 8) compatibility 
with or modifications of the techniques established under Task I, due to differences in 
material properties, 


Projéct Cost and Duration: 


Estimated costs are: Task I - Labor $250,000 
Facilities 150,000 

$400,000 

Task ІІ - Labor $200,000 

Facilities 100,000 

$300,000 


Estimated duration of the project is 2 to 2% years. 
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Benefits: Fiber Optics transmission line elements offer potential benefits in size, 


wieght, packaging density and provided development of techniques leads to mass production 
demands, cost benefits could also be realized, 
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G. D. Goldshine 
GENERAL DYNAMICS 


Pomona Division 
Control Panel 


AUTOMATED HYBRID MICROELECTRONICS FABRICATION, 
ASSEMBLY AND TEST TECHNIQUES 


D. В. Hartman. 


Hughes Aircraft Company 
Fullerton, California 92634 


SYSTEM/PANEL AREA/COMPONENT 


Various/Control/Hyorid Microcircuits. 


PROBLEM 


Hybrid microcircuits offer significant advantages in areas such as weight, volume, 
power, circuit performance and reliability when compared to diserete component printed 
circuit board assemblies (РОВАв). However, due to the highly automated fabrication, 
assembly and test techniques developed over the years for PCBAs, it is difficult for hybrid 
microcireuits to compete with them cost-wise. Therefore, despite their significant advan- 
tages, hybrid microcircuits are currently used in military electronics only where these 
advantages are absolutely necessary in order to meet overall system requirements. 


PROPOSED SOLUTION 


The proposed project would identify the major contributors to the manufacturing costs 
of hybrids and then evaluate the processes, equipment and techniques currently available 
in these areas. Based upon this evaluation, those areas requiring additional effort would 
be established and a detailed development and implementation plan prepared. 


Phase II of the project would develop the required techniques, tooling and/or equip- 
ment identified by the effort described in Phase I and would implement them into a pilot 
production line to demonstrate feasibility and provide the basis for a detailed cost anal- 
ysis. 


A final report containing the details of all processes, tooling and equipment developed 
along with recommendations for their implementation and use would be prepared at the con- 
clusion of the project. 
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PROJECT СОБТ АМО DURATION 


Estimated costs and schedules are as follows: 


Phase I 
1. Identify major cost contributors” $50,000 5 mos. 
2. Evaluate available processes and 60,000 6 mos. 
equipments. 
3. Identify those areas requiring 10,000 1 по. 
development effort. 
Phase I totals $100,000 12 mos. 
Phase II 
1. Develop the required tech- $175,000 9 mos. 
niques and equipment. 
2. Implement into а pilot produc- 75,000 3 mos. 
tion line. 
3. Final Report 10,000 concurrent 
Phase ТІ totals $260,000 12 mos. 


Estimated total cost of project = $360,000 


Estimated duration of project = 24 months 


BENEFITS 


Benefits to be derived from this project would be ап estimated reduction of 25% in 
the recurring costs ОҒ а11 hybrids manufactured for missile system electronics. This 
would result in hybrid manufacturing costs equal to those of comparable discrete printed 
circuit board assemblies. This would not only reduce the cost of systems where the use 
of hybrids is now mandatory, but would also significantly expand the use of hybrids, 
with their accompanying advantages, to many new areas where PCBA's are currently used. 


ASSUMPTIONS 


None, 
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MANUFACTURING TECHNOLOGY PROJECT FOR 
ELIMINATION OF CLINCHED LEADS ON PCB ASSEMBLIES 


David Feider 
The Boeing Company 


Seattle, Washington 98124 


SYSTEM/PANEL AREA/COMPONENT 


All Systems/Control, Electronics/Printed Circuit Boards 


PROBLEM 


Requirements for a specific part tilt and/or height-off-board often necessitates 
elaborate techniques for part constraint during soldering and trimming operations of a 
printed circuit board. A common method of part constraint is lead clinching. Clinching 
the leads, however, requires care to assure that the clinched lead does not short to 
adjacent conductors. Clinching can also impact the hardware in one ог more of the follow- 
ing ways: 


(a) Fabrication cost is increased because of programming time to establish proper 
clinch direction. 


(b) Automatic lead preparation, insertion, and clinching operations damage parts by 
eracking seals at the body/lead interface and nick part leads, 


(с) Repair of the assembly with clinched leads is more difficult and increases the 
probability of damage to the printed circuit board. 


Assembling parts to printed circuit boards without the requirement for clinched leads 
with special orientation will permit use of automatic or mechanized part insertion and 
lead trimming equipment at significant cost savings. 


The purpose of this investigation is to provide cost saving data to justify elimina- 
tion of lead clinching in the fabrication of military electronics. 


PROPOSED SOLUTION 


This effort will be divided into four (4) tasks, sequenced so each builds on the 
previous tasks, 


Task 1 will be to develop a suitable method of securing parts to circuit boards during 
trimming and soldering. This is necessary because the part-holding feature of clinched 
leads will be lost. Consideration will be given to techniques such as wax entrapment, 
blister pack, adhesives, sponge boards, etc. Design constraints for effective use of the 
method chosen will be identified. 
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Task 2 - Prepare test specimens with clinched апа unclinched leads for assembly and 
repair. Conduct assembly tests for direct comparison using clinched leads and the selected 
holding method of Task 1. 


Task 3 - Conduct typical factory and field printed circuit board repair of both 
clinched and unclinched leads. 


Task 4 - Data from Tasks 2 and 3 will be compiled to verify the cost savings potential. 


PROJECT COST AND DURATION 


The estimated cost of the project is as follows: 


Task 1 - Method Development $15,000 
Task 2 - Conduct Assembly Tests 20,000 
Task З - Verify Repair Capability 10,000 
Task 4 - Data Evaluation 8 5,000 


Specification Preparation 
TOTAL $50,000 


The estimated duration of the project is 12 months. 


BENEFITS 
The benefits derived from this project include: 


(а) Provide justification backed up by technical data for deletion of lead clinching. 
The objective will have been achieved if it can be shown t:hat an alternate 
method of temporarily securing parts to the printed circuit board does provide 
a significant cost saving without compromising the design function of the cir- 
cuit board assemblies. 


(b) Documented data showing the cost savings that can be realized by eliminating 
specially oriented clinching of part leads together with configuration criteria 
for reliable use of the part holding method developed. 


(c) The deletion of lead clinching requirements will result in cost savings to 
electronic hardware customers through increasing the feasibility of using auto- 
matic or mechanized part insertion and lead trimming equipment. 


(d) Field repair of printed circuit board assemblies will be simplified by making 
parts easier to remove and circuit boards less subject to heat damage. 
ASSUMPTIONS 
This proposal is based on the assumption that most circuit board assemblies are sub- 
jected to temperature extremes which make part mounting methods and techniques critical 


to prevent or reduce damage from thermal expansion. It also assumes that repair of сїг- 
cuit boards by replacement of components is desirable at some level of maintenance. 
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INJECTION MOLDING ELECTRICAL CONNECTORS/CABLES WITH 
MIL-M-24041 QUALIFIED THERMOPLASTIC POLYURETHANE 


David Feider 
The Boeing Company 


Seattle, Washington 98124 


SYSTEM/PANEL AREA/ COMPONENT 


А11 Systems/Control, Electrical/Cabling 


PROBLEM 


The necessity for repetitive manual labor used in the potting and molding of strain 
relief and environmentally sealing of electrical cable/connector assemblies contributes 
greatly to end item cost. The fabrication process which use liquid cast thermosetting 
compounds incur extensive labor and material costs. 


The development of an injection molding technique that replaces the need for long 
cure times, extensive patching or repair of defects, and reduces potting or molding 
material cost can substantially increase production rates and reduce manufacturing costs. 


The concept defined in this Manufacturing Technology plan utilizes proven materials 
and application methods for the potting of cabling and connectors. This technique is also 
applicable in secondary application to end items, such as strain relief molding of рге- 
viously potted items. 


PROPOSED SOLUTION 


The classical procedure for potting and molding electrical cable/connectors has 
involved the use of highly trained personnel applying thermosetting plastic compounds to 
assembled connectors. Meticulous part orientation, the use of multiple tooling and long 
heat curing steps are normally required to produce moldings. At present, there are 
numerous techniques for the production of potted and/or molded connector configurations 
that are designed to fulfill strain relief and environmental sealing functions. А11 of 
the present methods are very costly when applied to the end item hardware because they 
require hand processing at every step with repeated handling and delay with each operation. 


This development effort will identify the materials, tooling criteria, and process 
methods that can be applied to a wide variety of cable/connector combinations. The арр11- 
cation of these methods will depend on the design requirements for injection molding and 
the effective cost reduction obtainable. 
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This effort will be divided into four (4) tasks. Task 1 will be the demonstration of 
injection molding on selected cable/connector configurations. A comparison of process and 
costs per item will be made. The outcome of this task will guide the follow-on phases and 
may define additional molding combinations where injection molding is used for a cost 
advantages. 


Task 2 will be the establishment of design, fabrication, and molding process guide- 
lines for cable/connector hardware molding. 


Task 3 will consist of establishing qualification methods which are tailored for 
injection molding rather than the current thermosetting liquid potting criteria. 


Task 4 will be to perform assembly and molding of cabling for actual hardware for 
physical evaluation and cost determinations. 


PROJECT COST AND DURATION 


The estimated cost of the project is as follows: 


Task 1 - Comparative Molding $ 50,000 
Task 2 - Process Development 5125, 000 
Task 3 - Qualification Methods 25,000 
Task 4 - Developmental Molding 100,000 


& Cost Determination 
TOTAL $300,000 


The estimated duration of the project is 24 months. 


BENEFITS 
The benefits derived from this project include the following: 


(a) This injection method of producing potted and molded cable/connector assemblies 
will substantially reduce manufacturing costs on end items. Significant reduc- 
tions will be obtainable in flow time, direct labor, and material costs. 


(b) The output of this Manufacturing Technology development effort will be operating 
and dummy cable/connector moldings that demonstrate the molding methods. Spe- 
cific processing and design guides for injection molding electrical cable/ 
connectors will be produced. 


(с) Molding methods will be based on the newest means of controlling injection шо14- 
ing pressures while using tooling concepts which provide inherent protection of 
the hardware from damage. Molding will be accomplished utilizing semi-automatic 
process cycles to avoid human error. All stages of the processing will be 
included beginning with the fabrication of cable/connector assemblies, the load- 
ing of the tooling,the injection molding operation, removal of molded parts, the 
clean-up and inspection of end item hardware. 
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ASSUMPTTONS 


This program is based on the assumption that all missile systems depend heavily upon 
cabling for interconnection at all levels of system hardware, і.е., air vehicle, ground 
support equipment, special test equipment, etc, The volume of interconnect cabling so 
used оп each missile system warrents the development ої improved methods ої manufacture, 
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AUTOMATIC MONITORING AND CONTROL FOR WAVE SOLDERING 


Charles Hammerberg 
The Boeing Company 


Seattle, Washington 98124 


SYSTEM/PANEL AREA/COMPONENT 


All/Control Electronics/Printed Circuit Assemblies 


PROBLEM 


The process of wave soldering electronic assemblies depends upon the skill of an 
operator to maintain the following variables within specified limits. 


о Solider bath temperature 

о Solder wave height with respect to the printed circuit assembly 

о Conveyor speed 

о Preheat temperature 

о Flux specific gravity 

o Flux foam height with respect to the printed circuit assembly 

Because there is no reliable way for early identification of ап out-of-tolerance 
condition, it is difficult to limit the number of assemblies soldered Бу the out-of- 
control process. 

PROPOSED SOLUTION 

This development effort will provide a means for automatic monitoring the following 
wave-soldering process variables, continuously recording their values, and controlling 
each within specified limits. 

o Solder wave height 

o Conveyor speed 

o Preheat temperature 


o Fiux specific gravity 


o Flux foam height 
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Most flow-solder пасһіпев presently һауе the capability for monitoring апа controlling 
solder bath temperature. 


PROJECT COST AND DURATION 


The cost of the project is as follows: 


Equipment $ 20,000 
Instrumentation and Controls 40,000 
Engineering/Shop/Laboratory Support 90,000 

TOTAL $150,000 


The estimated duration of the project is 24 months. 


BENEFITS 


The benefits resulting from this program are decreased operator dependence. Reduced 
labor costs are estimated as follows: 


Solder Machine Operator - 50% 


Post Soldering Touch-Up - 10% 
” ASSUMPTIONS 


These benefits assume that the printed circuit assemblies are sufficient in number 
and of such design that flow soldering is feasible. 
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IMPROVED MACHINE SOLDERING 


Charles Hammerberg 
The Boeing Company 


Seattle, Washington 98124 


SYSTEM/PANEL AREA/COMPONENT 


All/Control Electronics/Printed Circuit Assemblies 


PROBLEM 


Commonly-used rosin fluxes are of limited activity due to a lack of confidence in 
flux removal methods. Aggressive flux-removal solvents are expensive, tend to degrade 
electronic assemblies, and are not extremely effective in removing the ionic materials 
typically employed as active ingredients in soldering fluxes. 


The enormous variation in solderability of printed circuit board surfaces and elec- 
tronic component leads cannot be accommodated by the relatively mild rosin flux without 
extensive touch-up soldering or lead pretinning operations. 

Solvent shortages are anticipated, and problems arise in disposing of spent soivent 
in an environmentally acceptable manner. 

PROPOSED SOLUTION 

Water-soluble organic acid fluxes are available in formulations suitable for in-line 
foam application. In-line soldering and water-washing equipment will be utilized in the 
process. 

Cleanliness of the soldered and washed assembiies will be evaluated on the basis of 
water-extract-conductivity tests, insulation resistance tests, and environmental exposure. 


PROJECT COST AND DURATION 


The cost of this program is as follows: 


Equipment $ 50,000 
Engineering/Shop/Laboratory Support 50,000 
TOTAL $100,000 
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BENEFITS 
The benefits realized as a гезціё of this program are as follows: 
(a) Eliminate the need for hand pretinning of component leads. 
(b) Dramatically reduce the need for manual touch-up of solder joints. 
(с) Reduce flux and cleaning solvent costs. 


(4) Water washing is by far the most effective method for removing the ionic соп- 
taminants found in flux residues. 


(е) Water washing is ecologically more acceptable than solvent cleaning. 
ASSUMPTIONS 


The above benefits are based upon the assumption that organic acid fluxes are more 
active than EMA fluxea and their residues more readily removed. 
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POLLUTION CONTROL OF PRINTED CIRCUIT BOARD FABRICATION РКОСЕ55Е5 


Charles Hammerberg 
The Boeing Company 


Seattle, Washington 98124 


SYSTEM/PANEL AREA/COMPONENT 


All/Control, Electronics/Printed Circuit Assemblies 


PROBLEM 


Fabrication processes for printed circuit boards include the usage of a variety of 
toxic and hazardous chemicals. Some of these chemicals are used as aqueous solutions and 
are dissolved in rinse waters, and some are in the form of organic solvents. In the past, 
it has been common industry practice to allow contaminated rinse solutions to be disposed 
of in sanitary and storm sewer systems, or to dump them into streams and rivers. Disposal 
of waste or spent chemicals has not been a problem economically as their cost is relatively 
low and their supply plentiful; or environmentally, as there were normally unused areas or 
dumps for disposing of them. With tightened pollution control regulations and shortages of 
solvents and petrochemicals, this situation is rapidly changing, and both chemical ауа11- 
ability and disposal are becoming significant problems in circuit board fabrication. 


PROPOSED SOLUTION 


The solution will be to develop circuit board and electrical processes which emit no 
pollutants through more efficient processing and reuse of materials. 


Investigation will be conducted into the following areas: 


Evaluating the expanded utilization of rinsing and cleaning solutions through 
improved rinsing methods such as countercurrent rinsing and fog or mist spray rinsing. 
Also included will be evaluation of improved solvent utilization. 


Evaluating and developing of contaminant reclamation and watet and solvent purifica- 
tion. Reverse osmosis, ion exchange, electrolysis and distillation systems will be eval- 
uated for effectiveness and cost, and modifications developed, particularly oriented 
toward medium and small scale producers. 


Evaluating closed loop processes, whereby by-products which presently must be dis- 


posed of, such as dissolved copper salts in spent etchant, can be utilized in other por- 
‘tions of the process. 
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PROJECT COST AND DURATION 


1. Develop rinsing methods conserving water and solvents used in rinsing 5 50К 
2. Develop methods for purification of solvents and rinse chemicals 75K 
3. Develop methods for chemical reclamation 50K 
4. Develop closed loop fabrication processes 100K 
5. Final report and recommendations . .20K 

TOTAL $295K 


The estimated duration of the project is 24 months. 


BENEFITS 
The benefits from this technology program will be more cost effective circuit board 
production through more efficient utilization of chemicals, water and solvents, as well as 
the ability to increase production while avoiding unacceptable pollution levels and exor- 
bitant use of materials. 
ASSUMPTIONS 


The justification for this program is dependent upon the following assumptions: 


(a) Environmental and pollution restrictions will become increasingly severe and 
more stringently enforced. 


(b) Raw materials will become increasingly scarce and more costly in the future. 
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Title: Printed Circuit Boards Made with Polyimide Material 


System/Pane! : Сопіто! 


РгоМет: With the trend toward increased circuit density, more complex circuit boards with 
temperature stability and greater reliability in ECM (manned aircraft) and missile systems, it is readily 
apparent that reduced cost in printed circuit board manufacture must be realized. Whether it be 
single or double sided, multilayer interconnect circuit boards or flexible printed wiring circuits or a 
combination of both, new materials, processes and general manufacturing technology must be investi- 


gated to reduce the unit cost. 


There are two physical failure modes in printed circuit boards made with the conventional epoxy glass, 
epoxy smear and overstressed 2 axis expansion that causes delamination of Же internal layers and two 


electrical failure modes, electrical shorts and discontinuities. 


For epoxy smear, it is caused by unconirolled drilling in the glass/epoxy laminate. The epoxy in the 
glass fabric weave softens and smears on the sidewalls of the drilled hole. Subsequent plating covers 
this up and when it occurs in such small amounts not even the best of electrical test equipment can 
pick these smeared holes out, The result is open circuits with bare boards which in itself is not too 
costly but when the open circuits occur with expensively loaded boards worth severa! thousand dollars 


then it is costly. 


In the case of Z axis expansion, many studies and tests have shown that exposure to thermal cycling 
causes extensive Z axis expansion, ten to twenty times greater than Х and Ү axis expansion. This 
causes significant physical changes within the internal structure causing compressive buckling of 
plated-through-holes and hence electrical connection failure, loss of hole plating adhesion on the 
hole wall, cracking of the copper plating underneath the tin-lead plating, interplane interconnections 
to the plated-through-holes and interlayer delamination causing catastrophic. structural and electrical 


failure at low temperature of high altitudes. 
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The present multilayer printed circuit board failure rate is like 19%/800 hours of missile or other 
electronic equipment operation. What is needed 15 a material and corresponding manufacturing process 


with a lower thermal coeffictent of expansion than the present standard epoxy glass base laminate. 


Proposed Solution: | The proposed solution for the two sets of problems, epoxy smear and extreme 
Z axis expansion is to use polyimide material that does not have epoxy impregnated in it and hence 


no epoxy smear can оссиг and has a Z axis thermal coefficient of expansion that nearly matches that 


of the X and Y axis. 


The following enumerates some of the advantages of utilizing polyimides and the resultant new 


features available: 


o Less unit cost because of fewer process variables and higher process yield. 
o Approximately 1/3 the weight of a comparable epoxy/glass system. 
o Epoxy/glass systems degrade іп the area of 150-175? c whereas, pure polyimides are. 


capable of withstanding temperatures in the neighborhood of 400°C, 


о Circuits fabricated from polyimides will withstand repeated soldering operations with 


no detrimental effects. 
о Electrical and physical properties are maintained over а wide temperature range. 


о High speed continuous wave soldering and ІК fusing of solder processing available due 


to heat stability, 


о High radiation resistance permits use for nuclear hardened applications. 

о High circuit packaging density without overstressing due to hot soldering. 

о Increased circuit reliability due to elimination of epoxy. 

° Increased circuit reliability due to better thermal matching of expansion coefficients 


in X, Y, Z axis that destroy hole electrical integrity. 
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There are three basic methods used to fabricate a commercially available metal clad polyimide 


laminate for use in printed circuits. 
p 


Polyimide resin impregnated glass fabric pre-pregs can be readily laminated under pressures and 
temperatures = 500 PSI and 350°F, respectively. This рге-ргед incorporates all the processing 
advantages of glass-epoxy plus the superior temperature and dimensional stability of the polyimide. 
The polyimide resin is "processed" to a more controlled specific level of volatiles, flow and resin 


content. 


The thermal stability of the polyimide glass pre-preg is at least 150°F higher than epoxy/glass 
materials, This higher thermal stability permits drilling at high drill speed in-feed ratios without 


causing the plasticizing of epoxy, since none exist and гедеро па it on the hole sidewall. 
The basic properties and some potential! applications for polyimide materials have been presented іп 
this report. It is hoped that this information will prove valuable to the circuit designer in the design 


and fabrication of future printed circuits where the superior properties of polyimides can be utilized, 


Project Cost and Duration: 


Material $ 4,000 
Engineering 35,000 
Fabrication 25,000 
Tooling 4,000 
Testing 10,000 

$ 78,000 


Benefits: || The benefits derived from this project eventually will decrease bare board and loaded 
board cost based upon the need for fewer process and test controls, higher board yield after elecirical 
testing and lower initial tooling cost. End item benefits will be improved functional reliability 
making printed wiring assembly field replacement cost lower as well as lower field check-out test 


costs. 
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Assumptions: Тһе stated benefits assume that process costs of bare multilayer boards will be reduced 
as well as board assembly, inspection and electrical test costs. In addition, field replacement and 
test cost will diminish due to longer life cycle and function reliability of the boards under extreme 


temperature exposures while missile systems are in launch readiness. 


нек, Applied Technology Division Syl C. Piccoli 
545 Almanor Avenue 
Sunnyvale, CA 
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ТіНе: 


Defect Prevention by Advanced Inspection Techniques бог Hybrid Circuits, Semiconductors 


and Printed Circuit Boards. 


System/ Panel: All/Control , 


Problem: The present need to design-to-cost coupled with high reliability and low failure rate will 


increase product and end item cost unless new and advanced inspection techniques are used to upgrade 


quality and reliability of semiconductors, hybrid circuits and printed circuit boards. 


Semiconductors: | Whether they be packaged or chips, bipolar or MOS, MSI ог 151; high 
failure rates have been experienced by users due to P-N junction electrical malfunctions, poor 
aluminum metallization, inadequate wafer inspection techniques, non-uniform epitaxial thick- 
ness and oxide film, hermeticity, poor threshold voltage versus doping level design and inter- 
connect wire bonding packaged), A review of the present inspection and quality assurance 
techniques is needed to determine what inspection controls should ђе placed оп and used for the 
various semiconductor technologies and the implementation of the advanced inspection 


techniques to assure higher product yields and quality. 


Thick/Thin Film Hybrid Circuits: Present and future new materials, methods, processes and 
testing has outmoded the present inspection techniques that were to insure high quality circuits 

in end use. There is a need, due to the complexity, of such circuits like microprocessors and 
other hybrid analog circuits to devise or develop new inspection techniques for the implementa- 
tion into the whole manufacturing process.. Needed are better hybrid in-process and final visual, 
machine and electrical testing inspection techniques to insure low failure rate devices and lower 


cost hybrid circuits less dependent on the present costly inspection techniques. 


Printed Circuit Boards: · The present inspection and quality assurance techniques for bare and 
loaded printed circuit boards and especially multilayer printed circuit boards of 10 or more layer 
complexity are inadequate in order to reduce the high electrical and mechanical failure rate 
after the expensive components. Either the same, but upgrade inspection techniques or new ones 
are needéd in order to call out defective bare and loaded boards and/or upgrade the quality 


assurance and functional performance and reliability. 
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Proposed Solution: [tek demand for Electronic Counter Measures high productivity and acceptable 


quality at minimum cost (Design-to-Cost) has acted as a stimulant to find better ways of assuring 


quality. The most fertile areas for both improvement of quality and reduction of quality costs are in 


Defect Prevention and in techniques for evaluating product quality. Significant reductions in quality 


costs for missile systems using these electrical components can be realized by the development and 


implementation of Defect Prevention Inspection Procedures (DPIP's) of semiconductors, hybrid circuits 


and printed circuit boards using the latest quantitative investigative techniques like ATD's Scanning 


Electron Microscope and Auger Analysis. The total Product Quality Assurance Approach addresses 


itself to the following elements. 


1. 


Quality Planning - planning the quality system and providing specific manufacturing 
controls on the quality of materials like silicon, ceramic, epoxy/glass, polyimide, that 
go into the semiconductors, hybrids and printed circuit boards, processes and products 


through formal methods, procedures and instructions. 


Process Control - analyzing the quality assurance and manufacturing process to establish 
means of control as well as improving existing process capabilities, and to provide 
technical support to inspection personnel for the purpose of implementing quality plans 


and maintaining control of manufacturing operating processes, 


Evaluation of Inspection Equipment and Techniques - to determine if quality assurance 


measurement and control devices now in existence are adequate and what new ones 


should be developed and/or instituted. 

Quality Training - developing and operating formal quality training programs designed 
to train quality assurance personnel in the understanding and use of advanced quality 
assurance techniques. 

Use of inspection machine capabilities studies as is appropriate. 


Use of labor-saving and automated inspection sorting devices. 


Establishment of new workmanship and inspection standards for semiconductors, hybrid 


circuits and printed circuit boards, 
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Attention to these Defect Prevention Techniques will result іп а reduction in the number of product 
defects, which induces а substantial reduction in failure costs such as spoilage, rework and scrap and 


hence a cost saving in each product line. 


Project Cost and Duration: 


Task | Estimated Cost Estimated Duration (Months) 
Semiconductors: 
Engineering Support $ 20,000 2 
Quality Planning 30,000 3 
Process Control 25,000 2 
Evalution of Inspection Techniques 

and Equipment 20,000 ] 
Quality Training 3,000 РЕ 1 

$ 98,000 9 


Thick/Thin Film Hybrids: 


Engineering Support $ 20,000 
Quality Planning 30,000 | 2 
Ргосе55 Сопіто! 20,000 2 
Evaluation of Inspection Techniques 
and Equipment 30,000 2 
Quality Training 2,500 2 1 
5 102,500 10 


Printed Circuit Boards: 


Engineering Support $ 20,000 | 
Quality Planning 25,000 2 
Process Control 10,000 1 
Evaluation of Inspection Techniques 
and Equipment 15,000 | 1 
Quality Training 2, 000 __ 1 
5 72,000 6 
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Total Estimated Cost Total Estimated Duration 


$ 98,000 9 
102, 500 | 10 
72,000 6 

$ 272,500 25 


Benefits: The derived benefits that will acrue with the end item electronic module that uses such 
components will be reduced module assembly and test cost; less scrap, rework and repair; cheaper 
device cost per unit quantity; less retest costs; lower quantity stock inventory due to longer life 


cycle; less field electronic module replacement and Jess costly maintainability. 


Assumptions: The assumptions made were that by the Defect Prevention Advanced Inspection 
Techniques, units that are usually of marginal manufacture and tests will not be used in the electronic 
modules. Also, that the increased yields realized by the respective electronic manufacturing 
technologies from the implementation and use of the Defect Prevention Advanced Inspection 


Techniques will induce manufacturers to reduce cost of production. 


нек, Applied Technology Division бу! C. Piccoli 
545 Almanor Avenue 
Sunnyvale, CA 
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ТіНе: Non Destructive Hi~Rel Electrical Testing at the Bare Board Level of Multilayer Printed 
Circuit Boards, 


System/Pane!: | Control 


Problem: . Over the past several years the ever increasing need for densely packaged expensive and 
highly sophisticated electronic equipment has demanded that Multilayer Printed Wiring Boards be 
extremely reliable over long periods of time. The interconnect unreliability as electrical failures in 
todays multilayer boards remains a significant contributor to the high cost of electronic assemblies, 
Electrical failures in multilayer printed circuit boards can prove disastrous and costly, especially when 
supposedly good expensive boards fail after component assembly and wave soldering. The origin of 
these breakdowns has been pin-pointed to one major contributor, epoxy smear that occurs during hole 
drilling.. The most serious failure modes аге electrical open circuits and shorts. By far the highest 
percentage of failure is with open circuits caused by subtle film of epoxy smear on the drilled hole 
sidewall. With so little known about multilayer board failure mechanisms and their behavior, an 


approach to this study would, to say the least, save money in present and future M.L.B. procurement, 


АП of the bare board electrical test methods, now being used are expensive and inadequate enough 
to detect this thin film of epoxy smear on the hole sidewalls. These electrical tests amount fo about 
2596 of the board costs or for a complex multilayer circuit board can amount to as much as 3096 per 
board just to test it to make sure if meets its reliability function. This cost compounded with other 
costs when marginal boards loaded with expensive components are scrapped due to the occurrence 


of open circuits results in a loss of several thousand dollars. 


With most electrical inspection test techniques and equipment по? more than 100 milliamperes current 
is passed through the hole interconnect, This small а current cannot set up a resistance high enough 
to detect a slight epoxy film on the hole sidewall that can still result in cin open circuit after the hole 


wall is plated and does not connect with the inner conductor. 


Proposed Solution: Two approaches to the problem are proposed, One is by making the following 


assumptions then setting out to show by tests how an electrical inspection test сап be devised. 


198 


Assuming that tubelet-trace gaps originate prior to plating, which relates the degree of epoxy smear 
covering the trace edges of holes, the following account for the high electrical failure rate. 
о Complete covering accounts for open connection in as-plated holes prior to soldering. 
о Substantial covering accounts for "good" holes that open during soldering when thermal 
stresses rupture the small bridges between tubelet and traces. 
o Partial covering accounts for connections with sufficiently strong bridges to endure 
soldering. (But these connections may fail in service.) 
© Little or no covering accounts for connections with excellent tubelet-trace continuity and 


low potential for service failure. 


For a direct attack on the failure problem the plan is to undertake a systematic statistical study to 


determine the correlation between connection quality and manufacturing procedures. 


For example, differences in electrical characteristics among the connection types in the as-plated 
condition might form the basis for a quality contro! test. Connections with 1-10% interface continuity 
should show resistances in a range one or two orders of magnitude above the 10-15 micro-ohms shown 
by connections with near total continuity. Test equipment manufacturers could incorporate into their 
devices а current-spike insufficient to blow out functions with under 100 micro-ohm resistance, but 
sufficient to rupture connections with significantly higher resistance. A simple continuity test would 
then point out the failures. Even without such modified equipment, PC board users could employ this 


spike method once they determined the proper current. 


The second approach is to conduct tests described below: 


Test Program ~ Failures may oceur during fabrication of the printed wiring assembly or in operational 
use, or during a subsequent repair. The most likely failure modes will be indicated either by a loss of 
electrical continuity, or as a high resistance interconnection. The goal for these tests would be to 
test at levels well in excess of the actual usage without changing the mode of failure to get a good 
idea of the actual hole resistance under different environmental conditions. The test program, shown 
аз а flow diagram in Figure 1 include temperature cycling, thermal shock, bake, humidity, twisting, 


vibration, mechanical shock and bond strength, 


Resistance of the conductive paths through the interconnections on each board would be measured іо. 


four significant figures using a four-terminal method Ю avoid reading terminal resistances. 
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RESISTANCE MEASUREMENT | 
VIBRATION TEST (Continuity Monitored) | | | 1 
TEMPERATURE CYCLE (30 Cycles from -650C to 1359С ) | 


VIBRATION TEST (Continuity Monitored) __________ 
HUMIDITY TEST (10 Days ) DEDE ун 
ЕГЕХОКЕ ТЕЗТ PN DENT 
VIBRATION TEST (Continuity Monitored) __________| 
RESISTANCE MEASUREMENT | 
HIGH TEMPERATURE STORAGE (Т409С for 1510 Нео) | 


RESISTANCE MEASUREMENT EASIER 
VIBRATION TEST (Continuity Monitored) | 
RESISTANCE MEASUREMENT ЕЕ ОЕ 
HUMIDITY TEST (10 Days парый ная нае) 
RESISTANCE MEASUREMENT касете 
HIGH CURRENT TEST AND LOW CURRENT ТЕТ] 
RESISTANCE MEASUREMENT жыш ш шш] 
SECTIONING AND BOND STRENGTH ( Boards 2, 6, 3, 9,18) | 
HUMIDITY TEST сасы] 
RESISTANCE MEASUREMENT = =i 


HIGH TEMPERATURE STORAGE (140°C for 450 Hours) | 


RESISTANCE MEASUREMENT 


FIGURE 1. TEST PROGRAM FLOW-DIAGRAM 
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Board continuity would be monitored during the environmental tests, with periodic ohmmeter checks 
of the resistance, Monitoring currents would be increased to above 100 milliampere to 1 ampere 
during vibration, flexure, and temperature cycling tests to accelerate failures as a result of any 


defective junctions. 


As a result of these tests, new electrical tests for testing bare multilayer boards (without components), 
at 25°C, with low current to pick out the subtle epoxy smear open circuit will be devised. The 
electrical inspection technique will be standardized for all multilayer board complexities for all 
military use reducing electrical test cost which is a substantial amount of the total board cost, Hence, 
bare board costs, for complex multilayer boards will be reduced even in quantities less than 100 boards, 


A substantial saving will be realized іп quantities greater than 100, 


Project Cost and Duration: 


Task Estimated Cost Estimated Duration (Months) 
Engineering Support $ 5,000 3 
Evaluation of Present Electrical Testing 10,000 1 
Methods 
Bare Boord Test Sample Fobricarion 15,000 2 
Bare Board Testing 20,000 2 
Electrical Test Standardization 15,000 2 
$ 65,000 10 


Benefits: Тһе benefits that wil! be realized are reduction in printed circuit bare board test time and 
cost of 20%, reduction of material cost of at least 10% due to scrapping of bare boards, a reduction of 
fully loaded board scrap due to open circuits saving direct labor costs and increasing functional 

reliability and fail-safe condition. The total estimated saving from making the bare board to loading, 


testing it and installed into the electronic module is at least 30%, 


Assumptions: Тһе benefits so stated were predicated оп an inadequate bare board electrical testing 


and high failure rate of component loaded multilayer boards. 


ltek, Applied Technology Division Syl С. Piccoli 
545 Almanor Avenue 


Sunnyvale, CA 
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MANUFACTURING TECHNOLOGY PROJECT ТО PROVIDE OPTIMIZED PRODUCTION 


PROCESS FOR ZIRCONIUM METAL POWDER--DRAGON, STINGER, СПОР, LANCE MISSILES 


D. Robert Cottingham 
Couples Department, Eagle-Picher Industries, Піс. 


Joplin, Missouri 64801 


PROBLEM 


Zirconium metal powder of approximately two micron APS is utilized as the fuel source 
for the majority of thermal batteries. These batteries are utilized in a large number of 
DOD and ERDA programs. 


Until approximately three years ago only two suppliers existed for this particular 
type of zirconium metal. Since that time one supplier experienced a serious fire and 
elected to discontinue manufacture of zirconium. The current only supplier has 
experienced significant problems with the consistency of zirconium. . This has resulted 
in adverse effects on thermal battery performance and schedules. 


There has not been an extensive study of the effect of zirconium on thermal battery 
performance in general and only incomplete information exist:s on processing parameters. 
PROPOSED SOLUTION 
The project would investigate zirconium manufacture and effects on thermal battery 
performance, Primary emphasis would be given to setting up a small pilot plant to produce 
material in sufficient quantity for the study. This project, if successful, should lower 
the cost of zirconium powder and minimize impact on production. 


PROJECT COST AND DURATION 


Estimated costs are as follows: 


Process Study (Lab) $ 40,000 
Pilot Plant Construction 100,000 
Piiot Plant Study 110,000 
Optimize Pilot Plant 50,000 

Total $300,000 


Estimated duration is 36 months. 


BENEFITS 


Benefits to be derived from this project are a reduction in recurring hardware costs. 
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These reductions are as follows: 


Reduction in material costs 3 percent of battery cost 

Reduction in manufacturing costs 5 percent of battery cost 

Total reduction 8 percent of battery cost 
ASSUMPTIONS 


It is assumed costs would be funded separately from production and that rate of the 
missiles would be as follows: 


Dragon 500 - 6000/month 
Stinger ` 750 - 1000/month 
CLGP 500 - 5000/month 
Lance 35 -  90/month 
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MANUFACTURING TECHNOLOGY PROJECT ТО PROVIDE COMPUTER AIDED 


MANUFACTURING TECHNIQUES FOR THERMAL BATTERIES--STINGER MISSILE 


D. Robert. Cottingham 
Couples Department, Eagle-Picher Industries, Inc. 


Joplin, Missouri 64801 


PROBLEM 


The Stinger Missile is a high volume system in which thermal batteries are a major 
reliability and cost driver. The batteries have been recently qualified; however, 
performance data indicates extreme sensitivity to active materials’ characteristics. 
This sensitivity will require extensive material evaluation in batteries and high 
rejection rates which will significantly decrease manufacturing build-to-yield ratios. 


Results obtained from the TOW and Dragon programs indicate computer techniques 
could be utilized to optimize the existing design and significantly reduce battery losses 
in future production. The problem is that this approach has not been pursued on this 
program to date; therefore, no definite positive evidence has been generated. 


PROPOSED SOLUTION 


This project would generate design and manufacturing data through the use of computer 
evaluation. А relatively small number of batteries would be fabricated under extremely . 
close surveillance to generate detailed manufacturing data. These batteries would then 
be tested and the performance data correlated by a computer. Materials, component toler- 
ances, and processing techniques would be deliberately varied to provide many variables 
for study. 


PROJECT COST AND DURATION 


Estimated costs are as follows: 


Batteries $ 50,000 
Engineering Support and Tech Data 35,000 
Testing 5,000 
Computer Evaluation 19,000 

Total $100,000 


Estimated duration of the project is 12 months. 


BENEFITS 


Benefits to be derived from this project are a reduction in recurring costs. These 
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reductions аге estimated аз follows: 


Reduction in material costs 2 percent of battery cost 


Reduction in battery build 20 percent of battery cost 
Net reduction * 22 percent of battery cost 


* Note: Two (2) thermal batteríes are utilized per Stinger Missile. 
ASSUMPTIONS 


It is assumed the project cost would be covered prior to significant production. 
Other assumptions are that Stinger production rates would remain at 750 - 1000 per month. 
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MANUFACTURING TECHNOLOGY PROJECT ТО PROVIDE COMPUTER AIDED 


MANUFACTURING TECHNIQUES FOR THERMAL ВАТТЕВІЕЗ--РВАЄОМ MISSILE 


р, Robert Cottingham 
. Couples Department, Eagle-Picher Industries, (пс. 


Joplin, Missouri 64801 


PROBLEM 


The Dragon Missile is a high volume system in which thermal batteries are a major 
reliability and. cost driver. These batteries have been produced іп relatively small 
quantities to date; however, performance data indicates extreme sensitivity to active 
materials' characteristics. This sensitivity will require extensive material evaluation 
in batteries and significant rejection rates which will increase manufacturing losses. 


Results obtained from the TOW and Dragon programs indicate computer techniques 
could be utilized to optimize the existing design and significantly reduce battery losses 
in future production. The problem is that this approach has not been pursued on this 
program to date; therefore, only tentative information has been generated. 


PROPOSED SOLUTION 


This project would generate design and manufacturing data through the use of computer 
evaluation. A relatively small number of batteries would be fabricated under extremely 
close surveillance to generate detailed manufacturing data. These batteries would then 
be tested and the performance data correlated by a computer. Materials, component toler- 
ances, and processing techniques would be deliberately varied to provide many variables 
for study. 


PROJECT COST AND DURATION 


Estimated costs are аз follows: 


Batteries $ 50,000 
Engineering Support and Tech Data 35,000 
Testing 5,000 
Computer Evaluation i0,000 

Total $100,000 


Estimated duration of the project is 12 months. 


BENEFITS 


Benefits to be derived from this project are a reduction in recurring costs. These 
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reductions are estimated ав follows: 


Reduction in material costs 2 percent ої battery cost 
Reduction in battery build 20 percent of battery cost 
Net reduction * 22 percent of battery cost 


ж Note: Two (2) thermal batteries are utilized per Dragon Missile. 
ASSUMPTIONS 


It is assumed the project would be funded separately from current production and 
that production rates would remain at 500 - 6000 per month. 
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Title: Low Cost LSI Packaging Techniques for the Manufacture of Hybrid Microcircuits 


System/Panel: Control 


Problem: The use of 151 devices in military hybrid circuits has steadily increased 
over the past few years. Such functions as memories, microprocessors, and gate arrays 
are presently available and the combination of these devices packaged into a single 
compact hybrid circuit is now a practical design approach. However, at the present 
time, the size advantage gained by using hybrid circuits is counterbalanced by the 
high cost of fabrication. Applied Technology, Division of Itek Corporation, proposes 
that hybrid circuit test, assembly, packaging, and rework techniques be investigated 


to achieve optimum reliability. at lower cost. 


Proposed Solution: The most significant cost elements in production of hybrid cir- 
cuits are packaging and assembly, fault analysis, and non-repairability of the hybrid 
package after environmental and electrical testing. Each of these cost elements are 


further described and will be investigated in the following manner. 


Assembly and Packaging: Most hybrid circuits with a large number of 151 chip 
devices often require many hundreds and sometimes thousands of wire bonds. 
Conventional manual wire bonding using either ultrasonic or thermocompression 
techniques does not address the advantages of semi-automated or automated tech- 
niques that could increase production and lower cost. The feasibility of alter- 
nate bonding techniques such as beam leads, flip chips, fluxless solder bumps, etc. 
should be investigated. Іп addition, a packaging technique using large area 

(3 inch by 3 inch or larger) substrates with portions of the substrate hermet- 
ically sealed could provide low cost while achieveing the hermeticity and 
reliability requirements for critical applications. А typical hybrid circuit 
packaged in this manner would be comprised of an alumina frame and an alumina 
cover adhesively attached to the substrate base. Thick film bonding pads on 

the substrate extending from the framed enclosure would be used for interconnec- 
tion to other circuit elements. This technique would replace the very expensive 


discrete package and offer an increased manufacturing through-put. 
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Fault Analysis: Troubleshooting а hybrid circuit with one or more defective chip 
devices can be very time consuming and thus very expensive. Usually the only 
practical way to isolate an anomaly is probing traces internal to the hybrid 
circuit and thus the risk of further damage is encountered. Methods should be 
investigated which will permit quick and accurate isolation of the anomaly to 
facilitate maximum production through-put with a miminum amount of time. This 
investigation could be achieved by descriptive mapping of all potential component 
faults contained in the hybrid circuit and correlating these faults to a diagnostic 
chart at electrical test. Thus, all of the circuit anomalies are identified at a 
single test cycle and all necessary repairs can be made ina single rework cycle. 
The net result would be a tremendously reduced manufacturing time for rework 
resulting іп а major cost savings іп the production of the hybrid circuit. The 
descriptive mapping fault analysis program would be categorized Бу digital сіг- 
cuitry, analog circuitry, and both digital to analog and analog to digital cir- 


cuitry to reduce programming time and capital equipment exependitures. 


Non-Repairability: Present specifications specify no delidding after sealing 

and render the hybrid circuit as scrap if it fails environmental or electrical 
test subsequent to sealing. Due to the exhorbitant cost of the 151 chip devices, 
this throw-away requirement reduces yield, increases cost and contributes great- 
Ту to the over-all systems cost. Studies would be performed to determine if 
existing types of hybrid packages can be readily and reliably delidded, repaired, 
and resealed and to determine the optimum design for a repairable hybrid pack- 
age that can be easily disassembled for replacement of defective semiconductor 


chips. 


Project Cost and Duration: 
Assembly and Packaging Phase 


Duration - 18 months 
$ 30,000 
$120,000 


Equivalent Persons - 3 man years 


Material 


Engineering 
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Fault Analysis Phase 

Duration - 28 months 
5 40,000 
5160,000 


Equivalent Persons ~ 4 man years 


Material 


1 


Engineering 


Non-Repairability Phase 


Duration - 12 months 
Material - $20,000 
Engineering - $80,000 


Equivalent Persons - 2 man years 


Benefits: The benefits derived from this project will result in decreased 
manufacturing time, improved reliability, increased yield and reduced cost for 
hybrid circuit components used in missile systems and thus reduce the total 


missile system cost. 


. Assumptions: | This project is based оп the assumptions that extensive use 

of LSI devices in missile systems will be required to perform critical per- 
formance applications for advanced military maneuvers and that high reliability 
demands coupled with necessary size and weight reduction for missile systems 
will require most 151 devices to be assembled as chips in hybrid packages. 


Applied Technology Division Robert V. Allen 
Itek Corporation 645 Almanor Avenue 
Sunnyvale, CA 
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SUMMARY SHEET 
MISSILE MANUFACTURING PROJECT PAPER 
U.S. ARMY CONFERENCE ON MISSILE MANUFACTURING TECHNOLOGY 


Title: Manufacturing Technology Project - Control Actuation Systems - 


Cost Reduction Techniques ~ High G Guided Projectiles. 


System/panel area/component: CLGP/Controls/Control Actuation System 


(CAS) 


Problem: The CLGP projectile system demands a high volume, Low cost 
control actuation system to maneuver the deployed fins in response to 
electrical commands from the autopilot. The system has to include a self- 
contained energy source and withstand the high G cannon launch loads 

(8,750 G's axial) and attendant lateral loads due to rifling. In addition, 
the structure has to withstand the high bending moments occurring during 
fin deployment and provide fin detent locks. Thus, low cost, high pro- 


ducibility has to be achieved under severe technical restraints. 


Proposed solutions: А multistep project is proposed to bring to the CIGP, 
the benefit of the design to cost technology developed for the advanced 
HOBOS guided bomb. The following technology will be adapted from the 
HOBOS: 
1. Use of sintered steel impregnated powder metallurgy (link arms, 
pads). 
2. Use of high strength injection molded fiberglass reinforced 
themoplastics (pistons, covers). 


3. Use of die cast housings. 
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4. Use of rolled steel shafts with integral bearings (plastic coat). 
5. Use of the design concept that requires gas consumption only on 
demand (closed center) rather than continuous flow system (open 
center) in order to reduce cold gas storage requirements. 
In addition, the following technology would be utilized from other pro- 
grams: 
1, Use of low cost, low electrical demand electrofluidic transducer 
(MICOM Contract DAAHO3-75-C-0215). 
2. Forged double aged 7075 1-6 aluminum housing. 
It is proposed that the project would have three phases, as follows: 
A. Phase I: Development System Verification 
(Utilizing the results of already successful completed component 
gun shot canister tests and breadboard evaluation). This phase 
will include design, fabrication, performance, fin spin load, 
cold, hot, random vibration, and thermal shock tests. 


B. Phase ІІ: Complete System Gunshot Canister Verification 


This phase will include the required hardware and at least four 


complete system gun shot canister tests as follows: lab ambient 
folded fins, lab ambient spun and released fins, cold actuator end 
hot gun barrel with releasing fins, hot actuator and hot gun 
barrel with releasing fins. 

C. Phase ITI: Projectile Compatibility Verification 
This phase will include a fit check in the projectile and provide 
two units to the Army incorporating the results of the first two 
phases for bench test hookup with the autopilot and projectile 


gunfire test. 
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Project cost and duration: 


Phase І: Engineering Support and Technical Data $_ 158,000 
Development Systems (Includes Mockup) 22,000 
Tooling 12,000 
Testing 97,000 

Phase IT: Engineering Support and Technical Data 35,000 
Gunshot Canister Systems (4) 26,000 
Testing 14,000 

Phase III: Engineering Support and Technical Data 20,000 
Flyable Systems (2) 24,000 

Established 

Flight Test Support Man Day Rate 


Estimated time to completion (provision of two checked out systems for 


Phase III: 7 months. 


Benefits: This project will yield a complete CAS suitable for pilot pro- 
duction for the CLGP. The system will accrue a cost advantage to the Army 
by virtue of the adaptation of low cost HOBOS technology to the CLGP, and 
by virtue of competitive procurement for the present single sourced guided 


projectile CAS market. 


Assumptions: The 7-month schedule is predicted on establishment of CLGP 


interface requirements before initiation of contract. 


COMPANY NAME PARTICIPANTS NAME, ADDRESS AND PHONE 
AiResearch Manufacturing Doug Jones, Dept. 93-100V, AiResearch 
Company of Arizona Manufacturing Company of Arizona, 402 


South 36th Street, Phoenix, Arizona 


85034, (602) 267-2003 
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SUMMARY SHEET 
MISSILE MANUFACTURING PROJECT 
0,5, ARMY CONFERENCE ON MISSILE MANUFACTURING TECHNOLOGY 


Title: Low cost electro-fluidic transducer and control valve for Guided 


Projectile application. 


System/panel area/components CLGP/Controls/Control Actuation System 


(cas) 


Problem: Тһе CLGP system demands a high volume, low cost control асёца- 
tion system which must sustain the high G loads that are induced during 
cannon launch. Inherent to control actuation systems is a servo device 

to convert the electrical commands from the autopilot into a pneumatic 
signal. Current pulse width modulated systems use on-off solenoids which 
require high electrical power, induce noise into the control system and do 


not provide proportional control response. 


Proposed solution: А true analog control system is obtainable by combining 
a low power, low hysteresis proportional electro-fluidic transducer with a 
simple closed center servo valve. Тһе transducer has been developed under 
MICOM Contract DAAHO3-75-C-0215. This device requires only 2% of the 
electrical power required by solenoids of a pulse width modulated control- 
ler. А simple galvanometer type movement controls the output pressure of 
a fluidic circuit which drives the servo valve. The output position of 
the actuator is proportional to the input current. This same device can 
also be utilized to provide the required flow/pressure push pull output to 


directly torque the CLGP pneumatic gyro. 


It is proposed to refine the design in order to enhance production pro- 


ducibility by utilizing and developing high volume production techniques 
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for coil winding, photo etching torsion rod апа fluidic stack, and stamped 


and formed housings, sintered magnets. 


Project cost and duration: Estimated costs are as follows: 


Engineering Support and Technical Data 5 60,000 


Tooling 95,000 — 
Single Channel Electro-Fluidic Valves 25 


Estimated time of the project is 7 months at rate of 9,000/month production. 


Benefits: Benefits to be derived from this project are: 
1. Reduction in électrical demand (reduced battery size, wiring, 
lower power elements). 
2. Reduced electrical noise (reduced shielding, EMI filtering). 
3. Mare precise control mode - pulsation noise eliminated. 
- direct proportional control obtained - very low hysteresis 


- bistable dead band eliminated 


Assumptions: Тһе tooling will be based on producing up to 9,000 electro- 


fluidic valves per month. 


COMPANY NAME PARTICIPANTS NAME, ADDRESS AND PHONE 
AiResearch Manufacturing Donald W. Chapin, Dept. 93-1507, 
Company of Arizona AiResearch Manufacturing Company of. 


Arizona, 402 South 36th Street, Phoenix, 


Arizona 85034, (602) 267-2322 
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COMPUTER CONTROLLED TEST SYSTEM 
FOR 
ELECTROHYDRAULIC SERVOMECHANISMS 


Kent В. Boyer 
Hydraulic Research and Manufacturing Co. 


Valencia, California 91355 


ABSTRACT 


In-process and final testing of electrohydraulic servomechanisms can be accomplished 
without using the slow, traditional manual test methods. Substitution of a sensor based, 
computer-controlled system provides a fast, accurate, lower cost approach. 


PROBLEM DEFINITION 


Final acceptance tests on electrohydraulic control system components are invariably 
required by the systems contractors, usually on а 100% sample basis, to assure specified 
performance. Typically, the acceptance will be predicated on ten to twenty-five charac- 
teristics which describe the static and dynamic properties of the unit, The majority of 
the tests are conducted with manually operated equipment and often require installation 
on several test stations. Much of the test data is developed via graphic output, there- 
fore interpretation and data reduction is necessary, 


А certain degree of repetition is normally encountered since similar in-process or 
preacceptance tests are essential during the latter stages of assembly. Furthermore, 
selective post acceptance tests are not entirely uncommon either. Тре cumulative cost of 
this comprehensive testing, data reduction, quality assurance verification and performance 
summary report generation represents a significant portion of the total unit cost. 


PROPOSED SOLUTION 


A fully automated approach, which was initiated in the Servo Division of Hydraulic 
Research in early 1973, and progressively expanded to a production acceptance test system, 
is considered to be applicable to certain of the hydraulic control system components in 
AMC missiles. Currently, the HR&M system is utilized for acceptance testing Phoenix mis- 
sile fin servomechanisms and a number of electrohydraulic servovaives used in military 
aircraft. 


Ап IBM System/7 forms the nucleus of the test complex, The Gystem/7 constitutes a 
high speed, real time digital computing system designed for applications requiring sensor 
based input/output operations. The system is structured with сепітаї processor, semicon- 
ductor main storage, multifunction input/output and disk storage modules, An operator 
station provides the functions of a keyboard, printer, paper tape punch and paper tape 
reader, Іп addition, peripherels have been integrated which offer slow speed card reader 
provisions and graphic output through an incremental Х-Ү plotter. 
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Either ої two instrumented hardware test stations can presently be connected on line 
with the System/7. One station is special purpose in nature and is dedicated to testing 
Phoenix missile fin servopositioners. The second station is generai purpose in nature 
and will accommodate electrohydraulic servovalves with flow rates up to 7 gpm. Each test 
station is equipped electronically to process digital and analog mode signals, thereby 
allowing a range of electrical and electrohydraulic operational tests under static and 
dynamic conditions. 


Software associated with the general operating system or acceptance test routines 
for any particular hardware unit is initially coded into a source program using MSP/7 as- 
sembly or macro language. A host processor (IBM System/370) is used to assemble а System/ 
7 machine executable object program. Each object program in card form is loaded and then 
becomes disk resident for future utilization. 


Execution of a typical acceptance test is initiated by а single load instruction at 
the operator station and a test start command at the respective test station. Serializa- 
tion data is essentially the only other input required during the operation. Concurrently 
with test execution, a report is generated on the printer which summarizes the tests, 
limits and results. Diagnostics are also provided in the event test failures are encoun- 
tered, 


PROJECT COST AND DURATION 


Without specific system definition, cost projections are of limited value at best. 
In order to provide a reference for comparison, a system similar to that at Hydraulic Re- 
search would require approximately $85,000 in capital investment. Technical and program- 
ming support costs cannot be estimated without particular applications or objectives.  De- 
velopment ої а basic operating system and limited applications) software would probably 
require a timeframe of 4 to 6 months. 


BENEFITS 


The primary benefit with a computer controlled test system is the reduction in wit 
costs attributed to prefinal tests, final tests and test data reduction, The summation 
of these costs may constitute as much as 19% of the unit cost for an electrohydraulic 
servovalve. It is estimated that with a high degree of automatic testing the upper end of 
this range could be reduced to about 6% of the unit cost. 


Secondary benefits are associated with enhanced test accuracy and repeatability. Іп 
addition, the human error element is virtually eliminated through hands-off test process- 
ing, data reduction and test report generation. This aspect also serves to reduce the 
demend on the operator skills classification. 


ASSUMPTIONS 


The recurring cost reduction does not include any consideration for amortization of 
the initial capital, or indirect costs incurred through technical support. 
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IMPROVED ON-BOARD INSTRUMENTATION AND CONTROL SIGNAL TRANSMISSION 
THROUGH THE USE OF FIBER OPTIC CABLES 


І. В. Slayton, Jr. 
Harris Electronic Systems Division 


Melbourne, Florida 32901 


PROBLEM 


The communications requirements of a sophisticated system, involves 
the transmission of a large repertoire of on-board instrumentation and 
control signals. In routing these signals between the various components 
of a missile system, substantial emphasis must be placed on the design of 
cabling harnesses which minimize cross talk between signals. Special 
attention generally must be given to shielding, wire t:ype selection, and 
grounding to insure proper operation of the on-board electronics. 


An optical cable transmission system does not generate and is not 
susceptible to external electromagnetic interference. Because optical 
fibers do not couple external electromagnetic radiation, they are in- 
herently immune to the effects of an EMP event, and hence the design of 
the on-board electronics may be simplified. Complete electrical ground 
isolation is achievable between a transmitter and receiver. Hence optical 
cables can virtually eliminate the effects of ground loops and common 
ground shifts in data circuits. Consequently, the manufacturing processes 
associated with the installation of on-board cabling will also be simpli- 
fied. | 


Fiber optic cables present по spark or fire hazards and permit safe 
operation in hazardous areas. In the event of a failure, they present no 
short circuit loading to the equipment with which they interface. Іп 
general, fiber optic cables are significantly lighter and consume far less 
space than conventional metallic cables. 


An optical cable system can accommodate a wide range of signal 
characteristics, both analog and digital, from d.c. to several hundred 
megahertz. Consequently, from a logistics viewpoint, one cable type would 
be sufficient to satisfy most signalling needs without the necessity for 
maintaining a wide repertoire of cable types., Both video and low frequency 
signals can be routed within the same harness, vithout concern for cross 
coupling between signals. 


PROPOSED SOLUTION 


The project will review and overlay the signalling requirements 
associated With each’of the various missile systems. This data would then 
be utilized to identify a standard set of optical cables, cable harnesses, 
connectors and electrooptics components for satisfying missile on-board 
communications needs. A prototype system would be fabricated and thorough- 
ly tested to verify satisfactory operation of all the optical components 
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when exposed to the missile environments. 


PROJECT COST AND DURATION 
Estimated costs are as follows: 


Missile System Signalling $30,000 
Fiber Optic Component Assessment 20,000 
Fabricate and Test Prototype 30,000 

$80,000 


Estimated duration of the project is nine months. 


BENEFITS 


The key benefits derived from fiber optics include better signal 
transmission performance, smaller size, and less weight. In the future 
when optical fibers are mass produced, the cost ої optical cabling will be 
significantly less than conventional metallic cabling. 
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